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REMARKS 

Claims 1, 2, 4, 6, 10-12, 14-16! 19. 20, 35, 39, 46-48, 53, 60, 66 to 73 were pending in 
the present application. Claims 35, 39, 46-48, 53, 60, and 66 are withdrawn from 
consideration. Claim 1 1 has been amended to recite that the amino acid "substitution » a 
substitution of a first amino acid with a second amino acid wherein the first amino acid and 
the second amino acid are both within the same one of the following groups of amino acids: 
(i) Alanine, Serine, and Threonine; (U) Aspartic acid and Glutamic acid; (iii) Asparagine and 
Gtutamine; (iv) Arginine and Lysine; (v) Isoleucine, Leucine, Methionine, and Valine; or (vi) 
Phenylalanine, Tyrosine, and Tryptophan." The amendment to claim 11 is supported in the 
specification as originally filed, e.g., at page 31. paragraph 100, and Table 2 at page 31 . 
Claim 67 has been amended to specify that the length of the contiguous nucleotide sequence 
is at least 500 nucleotides. Support for this amendment can be found in the specification as 
originally filed, e.g., at page 6, line 8. Claims 68 and 69 have been canceled without 
prejudice. Applicants reserve the right to prosecute the subject matter of these claims in one 
or more related continuation, continuation-in-part, and/or divisional applications. 

No newmatter has been introduced. Claims 1, 2, 4, 6, 10-12, 14-16. 19, 20, 35, 39, 
46-48, 53, 60, 66, 67, and 70 to 73 are pending in the present application upon entry of the 
present amendment. 

st ATBMEWT OF TWF SUBSTANCE thf. INTERVIEW 

A telephonic interview in connection with the above-identified patent application was 
held on September 21, 2006 with Patent Examiner Stacy Brown Chen and Applicants' 
representatives Dr. Jacqueline Benn and Dr. Sebastian Martlnek participating. Applicants 
and Applicants* representatives thank Patent Examiner Chen for her courtesy during the 
interview. 

Topics of the discussion were I) the rejection of claims 67-7 1 under 35 U.S.C. 102(b) 
over Karron et al.; 2) the rejection of claim 1 1 under 35 U.S.C. 1 12, second paragraph; and 3) 
the rejection of claims 1,2,4,6, 10-12, 14-16, 19, and 20 under 35 U.S.C. 112, first 
paragraph, for failing to comply with the written description requirement 

Dr. Benn stated that Applicants propose to amend claim 67 to recite "at least 500 
contiguous nucleotides of SEQ ID NO:l ." Dr. Benn further stated that an alignment between 
the nucleotide sequence that encodes the amino acid sequence of Karron and the 
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corresponding nucleotide sequence of the viral strain of the present invention revealed that 
there is no contiguous stretch of sequence identity that is at least 500 nucleotides long. 
Examiner Chen stated that if the alignment data are correct, Karron would not anticipate the 
present invention as claimed in amended claim 67. 

Dr. Benn continued to discuss the rejection of claim 1 1 for the recitation of the term 
"conservative." Dr. Benn stated that Applicants proposed to amend the claim by removing 
the term conservative and, in its place, recite the conservative amino acid exchanges listed in 
Table 2 of the specification. Examiner Chen replied that that amendment should overcome 
the rejection. 

Dr. Benn then began the discussion of the written description rejection by a brief 
description of the present invention: Applicants had discovered anew strain of respiratory 
syncytial virus (RSV) and analyzed its sequence. Dr. Benn continued to state that many other 
strains of RSV and their respective sequences were known in the art and that the skilled 
artisan can determine which structures of Applicants' new strain of RSV should be 
maintained and which can be modified simply by comparing the sequence of the presently 
claimed virus with the sequences of known RSV strains. Such sequence comparisons to 
determine conserved, and therefore likely essential, core-structures of a virus are routine. 

Dr. Martinek stated that the legal standard for written description is illustrated in a 
recent decision by the Federal Circuit: Invitrogen v. Clontech, 429 F.3d 1052 (Fed. Cir. 
2005). Dr. Martinek briefly summarized this case. The subject of the invention was a 
genetically engineered reverse transcriptase. The inventors had discovered that a modified 
reverse transcriptase enzyme with DNA polymerase activity but without RNase H activity 
had certain beneficial properties. Polypeptides with DNA polymerase activity and 
substantially reduced RNase H activity were claimed. The claimed polypeptides were further 
only identified as being encoded by a modified reverse transcriptase nucleotide sequence, 
wherein the nucleotide sequence is derived from a retrovirus, yeast, Neurospora, Drosophila, 
primates, or rodents. But no sequence information was recited. Further, the patents-in-suit 
disclosed only mutants from a single virus. Nevertheless, the Federal Circuit upheld the trial 
court's determination that the written description requirement had been met. The rational for 
the decision was that the sequences of reverse transcriptase genes were known, that the genes 
of different species share significant homologies, and that there was a known correlation 
between RNase H activity of reverse transcriptase and the structure of the gene encoding the 
reverse transcriptase. 
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Examiner Chen stated that from the information available to her, Applicants disclosed 
a partial structure, namely by reciting a percentage of sequence identity to a disclosed 
sequence, but failed to disclose which parts are sufficient to obtain xhe recited function. 

Dr. Martinek recited a passage from tbe Guidelines for Examination of Patent 
Applications Under the 35 U.S.C. 1 12 1 1. "Written Description Requirement" (published in 
the January 5, 2001 Federal Register at Volume 66, Number 4, p. 1099-1 1 1 1) that states that 
the written description requirement can be complied with by providing 'functional 
characteristics coupled with a known or disclosed correlation between structure and 
function." Dr. Martinek stated that in the present case the functional characteristics were 
disclosed, namely infectivity and replication, and that the correlation between structure and 
function was known in the art. Dr. Benn continued to state that Applicants could provide 
several pre-filing publications to demonstrate the state of the art. In particular, publications 
showing sequence alignments among different RSV strains from which functional 
conclusions were drawn could be provided. 

Examiner Chen stated that this information would be helpful, and that Applicants 
should also cite the Invitrogen case in their response. Examiner Chen concluded that once 
Applicants had filed their response, she would discuss the written description issue with a 
quality assurance specialist. 

Change of Correspondence Address 

Applicants had submitted a Revocation and Power of Attorney on October 25, 2005 
and requested that all future correspondence be directed to the new Attorneys of record and 
that their attorney docket number be used in future correspondence from the U.S. Patent and 
Trademark Office. Since the outstanding Office Action of June 26, 2006 has been mailed to 
the previous representative of Applicants, the present representatives for Applicants submit 
herewith a Change of Correspondence Address form PTO/SB/122. 

ti,, g ^rinns under 3 5 TTAr. 8 112. Second Paragraph, ShffliM Be Withdrawn 

Claim 1 1 is rejected under 35 U.S.C. § 112, second paragraph, for indefiniteness. In 
particular the claims have been rejected because the claim term "conservative" is unclear. 

In response, claim 1 1 has been amended to delete the term "conservative," and to list 
conservative amino acid substitutions. Because the term "conservative" has been deleted 
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from the claim, the rejection under 35 U.S.C. § 1 12, second paragraph, for indefmiteness, 
should be withdrawn. 

^ Dt ^ nn . ,, w< ier 35 U §£ j m. First Paraph, Should Be Withdrawn 

Claims 1, 2, 4, 6, 10, 1 1. 12, 14, IS, 16, 19, 20, and 20 are rejected under 35 U.S.C. § 
1 12, first paragraph, for insufficient written description. The claims are directed to 
biosequences and sequences with certain degrees of sequence identities to those 
biosequences. The Examiner argues that these claimed genera of biosequences are very 
large, a representative number of species has not been disclosed, no portion of the 
bioscience that must be conserved to obtain an infectious and replicating RSV has been 
taught. Applicants respectfully disagree. 

Applicants had previously argued that the specification discloses biosequences and 
degrees of sequence identity between the disclosed sequence and the claimed sequences. The 
specification further discloses that the claimed sequences encode infectious, replicating 
viruses (SEQ ID NO:l and homologs thereof) or are components of an infectious, replicating 
virus (SEQ ID NO:2-l 1). The correlation between the structure and function of viral 
genomes (SEQ ID NO:l) and of the protein components of viruses (SEQ ID NO:2-l 1) is 
well-known in the art. In response, the Examiner contends in the present Office Action that 
the "[o]ne of skill in the art would not know how to modify SEQ ID NO:l such that a 
sequence of any less than 100% identity would encode an infectious, replicating respiratory 
syncytial virus without having to experiment with different mutations . . „- Page 5, lines 5-8 
of the present Office Action. 

Applicants would like to reiterate thai Invitrogen v. Clontech, 429 F.3d 1052 (Fed. 
Or. 2005; attached as Exhibit A) is applicable to the present situation. In Invitrogen, the 
patents-ia-suit disclose genetically engineered reverse transcriptase. The reverse 
transcriptase has two enzymatic activities: DNA polymerase activity and RNase H activity. 
The inventors of the patents-in-suit developed mutant reverse transcriptase with DNA 
polymerase activity but without KNase H activity. 1 The claims are directed to polypeptides 
with DNA polymerase activity and substantially reduced RNase H activity, wherein the 
polypeptide is encoded by a modified reverse transcriptase nucleotide sequence, wherein the 
nucleotide sequence is derived from a retrovirus, yeast, Neurospora, Drosophila, primates, or 

' a copy of one of the patems-in-suit, U.S. Patent 6,063,608, is attached as Exhibit B. 
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rodents. The disclosure of representative species in the patents-in-suit, however, is limited to 
several deletion mutants of Moloney murine leukemia virus reverse transcriptase. 
Additionally, it is noted that the claims do not recite any biosequence information. 
Nevertheless, the Federal Circuit upheld the trial court's determination that the written 
description requirement had been met. The rational for the decision was that the sequences of 
reverse transcriptase genes were known, that the genes of different species share significant 
homologies, and that there was a known correlation between RNase H activity of reverse 
transcriptase and the structure of the gene encoding the reverse transcriptase. Id. at 1072- 
1073. 

Similarly, in the present case, the genomic viral sequence and several viral protein 
sequences for RSV B 9320 are disclosed in the application. Homologous sequences in other 
strains of RSV were known in the arc It was further well-known that sequence alignments 
between homologous sequences reveal conserved regions, and that such conserved regions 
are more likely to be essential to the function of the protein than other regions of the protein. 

Smith et aL 2002 (Protein Engineering 15(5):365-371; "Smith;" attached as 
Exhibit E) is an example of how sequence alignments of the F protein can be used to 
determine three-dimensional structures and thereby derive locations of certain functional 
components in a protein (see Table 1). Smith had employed a technology called "homology 
modeling" to determine the three-dimensional structure of the F protein of an RSV by 
sequence comparison with the equivalent protein of Newcasde disease virus. The resulting 
three-dimensional model is shown in Figure 2 at page 370 of Smith. Functional aspects of 
the F protein, such as the stalk of the protein and certain antigenic sites, are indicated 
Similarly, the skilled could align the sequence of the F protein, or any other protein, of the 
RSV strain of the present invention and deduce a three-dimensional model and thereby 
determine which amino acids are at essential positions in the molecule and should not be 
altered, and which can be modified. 

Garcia, 1994 (J. Virol. 68(9):5448-5459; "Garcia;" attached as Exhibit F) published 
an alignment of the G proteins of many different RSV isolates. One sequence alignment is 
shown in Figure 2 at page 5451. Locations of amino acid variability are indicated in the 
figure. The skilled artisan would readily deduce that these locations can be modified without 
losing die viability of the resulting virus. And vice versa, amino acids that are conserved 
among different RSV isolates and strains, would be expected to be important for virus 
viability. For example, the location of the tour cysteines of the G-protein's ectodomain are 



- 11 - 

Mvin-JAm*nui 

PAGE 12S1 * RCVD AT 9^5/2006 5:44:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF^5/22 * DNIS:2738300 * CSID:91 2127557306 * DURATION (mm-ss):1340 



Sbp-25-06 05:43pui From- 7143 912127557306 T-741 P. 013/051 F-620 

indicated in Figure 2 of Garcia are indicated. The skilled artisan would know to leave these 
intact if proper folding and function of the G-protein of the virus of interest was desired 

Additionally, structure-function analyses had been conducted for-different RSV 
sequences. For example, Fearns « al., 2000 (J. Vixol. 74(13):6006-6014; "Feams;" attached 
as Exhibit C) conducted a functional analysis of the promoters of human RSV by determining 
the effects of increasingly larger deletions in the viral genome. By aligning the sequence of 
the virus used in Fearns with the sequence of the presently claimed viral strain, the skilled 
artisan would know which portions of the viral promoter are essential and should be 
maintained and which portions could be deleted while retaining viral replication. 

Similarly, Zimmer etal., 2002 (J. Virol. 76(1 8):92 18-9224; "Zimmer;" attached as 
Exhibit D) conducted a structure function analysis relating to proteolytic processing of the F 
protein. In particular, Zimmer showed that mutations in one of the cleavage sites of the F 
protein abolished proteolytic processing at that site and the resulting virus, although viable, 
showed a reduced cytopathic effect. Again, the skilled artisan could align the sequence of the 
F protein of the presently claimed viral strain with the sequence of the F protein used in 
Zimmer and deduce the analogous amino acid substitutions that would be expected to result 
in the same effect. 

The above examples illustrate that the skilled artisan was familiar with the structural 
basis of different aspects of viral functions. 

The present application, thus, provides a structure, namely the viral genomic sequence 
of RSV B 9320 coupled with percentages of sequence identity, and functional characteristics. 
The correlation between structure and function was well-known in the art. 

Because the factual situation is very similar to the present situation and because the 
rational the led to the holding In Invitrogen squarely applies to the present case, Applicants 
request that the rejection under 35 U.S.C. § 1 12, first paragraph, be withdrawn. 

™» P actions under 3* II-S-C. S 102 o^ r Karron Should Be Withdrawn 

Claims 67-71 are rejected under 35 U.S.C. § 102(b) as anticipated by Karron et al 
(1997, PNAS USA 94:13961-13966, "Karron"). In particular, the Examiner asserts that 
Karron teaches a nucleotide sequence that is 99.4% identical to SEQ ID NO:9. 

First, it is noted that claim 67 has been amended to specify that the length of the 
contiguous nucleotide sequence is at least 500 nucleotides. 
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The sequence that has been deposited by Karron at accession number 042050 is an 
amino acid sequence. In contrast, the rejected claims are directed to polynucleotides. 
Applicants have obtained the nucleotide sequence that encodes the amino acid at accession 
number 042050 and aligned it with the nucleotide sequence that encodes SEQ ID NO:9 
(Exhibit G). This alignment reveals that there is no contiguous region of sequence identity 
between these two nucleotide sequences that is at least 500 nucleotides long. Thus, Karron 
does not teach all the limitations of claim 67, and the rejection under 35 U.S.C. § 102(b) as 
anticipated by Karron should accordingly be withdrawn. 

Conclusion 

Applicants respectfully submit that all of the pending claims are now in condition for 
allowance. If there are any remaining concerns, the Examiner is invited to call the 
undersigned to schedule an interview. 

It is believed that no fee is due in connection with this Amendment other than that for 
the extension of time; however, in the event any additional fee is required, please charge the 
required fee to Jones Day Deposit Account No. 50-3013. 

Entry of the remarks made herein is respectfully requested. 

Respectfully submitted, ^ C^ajLSi^A*. 

JONES DAY 

222 East 41 st Street 

New York, New York 1001 7 

212-326-3939 
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JouFNAt of Virology, July 21K1U. p. 6006-6014 

^\^mX^Kun Society far Microbiology. All Ri B hu R" C ™cd. 

Functional Analysis of the Genomic and Antigenomic Promoters 
of Human Respiratory Syncytial Virus 

RACHEL FEARNS, 1 PETER L. COLLINS, 1 ' and MARK E. PEOPLES 1,2 
Laboratory of Infectious Diseases, National Institute of Alter® and Infection 
BahcsJa, Maryland 20$92*072<? and Department of Immunol^ and Micrvbtoto®, 
Rush-Prcsbyttrian-Si Lukes Medical Center, Chica& t Illinois Mtr 

Received i Februoiy ZdOCVACccptcd 12 April 2000 

Xbe promoter* Involved in transcription and RNA replication by respiratory syncytial 
cxamtoSd ^ ^ing a plasmld-based mhdrepMeou system. The 3' ends of II* genome and an 
£££e*e£ contain the 44-ooclcotide (nt) leader (Le) end lSS-n. "rt"*-*"-" 1 < P£JE£fa?££ 
^heonuii « promoter tor UNA replication. The 3' genome end s ^°. u " ^,^!J^« „, Jt£ 
"ripUon Sabstllatlon for the U with vorinos lengths of TrC demonRtwted that the 3 ^^ a * 3 ***™ 
fweXlenl tor -tensive (but not maximal) replication aod l hat when juxtaposed ^« 

rr<n dn„flL this «auEQ<» was also able to direct transcription. It was also shown that the region 

ffiSmeffi^ 

d««ns* riTmnrtrtotloD initiation. Thos. the TrC is competent to direct transcript Urn even though It does not 
d^Tin nat£re?nffi MTUal ^uenc. Identity It sborcswtth the 3' end of the genome Ifkelr represents the 
%£^S^«Z™£*£>»t« Jr. in both repllo-ion and trnns-lptlon. Inereeslop the length 
^r^nmdiMed TrC seouence Incrementally to 147 nt resnlted in a fourfold Uicreese In replication end a 
^SSK^^IT^tL two eft** W re «nnda«d, .mp^flmttranscrlplionand 
IT^tfe. Wlat interconvertible orecesaes mediated by a common polymerase, but rather are Independent 
u^^^^^S^^^^ the TrC sequence. Implying the presence of a nonjHsentlal, 
^M^t^^A^m^»^t. Id contrast, the Inhibitory elect an transcription wis dne sole* to the 
^SSt^SSrSS^SSf cod of the genome and GS signal, which implies that the <""«»«• 
^oSsK ftwt GSsfenal as a promoter eiSnenl. Neither «nh«Keme«i of re^ta ^ ^Irdubrt on 
^SpuJ^s due to increared basc-p»lrtng potential between the 3' £ SKSJCbTlffiu 
nf the Le and TrC oromotcrs tor directing RNA synthesis were compared and round to be eery similar. Tons, 
fere n^iaVb^ similarity between the RSV amigenomte and genomic 
pramJun! bSt P 3d a tortheV dSnotlan between promoter requirements for tamscriptioa and repfenhon. 



Hiimnn ™,™„,n*v MuwiU vitrn (RSV1 is a member of the each gene to produce a series of subgenomie mRNAs (24). The 

<£T%JZ^^^U& ^MMwtofa the non- MVlranscritf on signals aro the KMttgeneHan(GS)and 12- 

ESit nucleotides (nt) In length and en- respectively, of each gone (25). It is not known whether the 

aWcimed 4b the mi- RsV U region U trended into a sh£ poalttve-sense U 

eleoeapsid: Ihe m^jor RNA-binding oucleocapsid N prototn. RNA, comparable to those of VSV ondSeV. 

theP ewUrowin. and the ma]or polymerase subonit L In RNA replication, the genome b copied into a oomplete 

S 3' 42^The RS V N , P, and L proteins together with the positive-sense encapsidatcd Intermediate called the annga- 

RNA^enome are the W^specifieWmcnts retired for nome; hence, toe 3' and 5' cods of ^"J*"*"^*^ 

RNA replication (19, 43). Processivo transcription requires, io complemem (TtC) and Le complemeni (l*C). re JZ^L 

SdwKe tmnscriprion anutctmuiation protein. M3-1 (11. The antigenome Is the template or bmta of progeny 

15 20^ genume. In the caee of RSV, the Le and TrC regions art 819fe 

Io some aspects of transcription urn! replication, RSV re- identical for the first 26 »«, alto «Wch there Is no apparent 
scmbtaa prototype tiunoncgaviru** such as Scndai virus rclatcdjicss (Fig, 1> (29). This likely reprcsenw a conserved 
(StV) and vesicular stomatitis virus (VSV) (reviewed In refer- promoter at the 3' end of the geuoroe and aensenomc. u 
encc$ 12> 26, and 3°), The genome te u|jhUy bound by N rnighlalso represenid com»rved enc^«i(totwn signal at the 5 
protein to form the oucleocapsid, vhich U the template for the q ^ of ihese moloculcs, although as yet there is no evidoncc for 
viralpolymoraJc.Thc3' ondS'endsof the fienomo conRist of ihis signal for RSV (33). t , 
ihort extragenic leader (Lc) and rraner (Tt) regions, reapec- Thc carry events in mononegavirus iranscnption and RWA 
Uvdy (29). Genome transcription is initiated at thc genomic replication ure not well understood. A widely held view Is that 
promoter located at Uie 3' (Le) end (13) and involves a sc- a common polymerase Initiates at a single promoter, copies the 
quentiaJ stop-start mechanism in which the polymerase is region, and somehow commite to cither stop-start ttans^P; 
guided by conserved exacting signals present at the ends of ti0a or readthrough replicatton. Thc avoilahiUiy of soluble N 
5 proiein to direct cosynihelie encapaidatfon of the nascent pos- 
itive-sense product Is thought to switch the polymerase to 
,^ . r. i^rr,™ readthrough replication (4. 23), According to this model, trnn- 

• Co™pending aui^ Mailing , B ^^^f r F ?: ^5? i ^ripUon and RNA replication are imerconvcuihle processes. 
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FlO J. Sfifluww of the 3' lermml qf RSV gpxmic and anrigenwnic RNA 
f U and TrC respectively). Tac lirsl 57 P of ihe TrC sequence wc shown wfth 
limited K iwdL raaet al*rmr*(wi* Ac ^^.- d 
"Sax We **J5»mc™ that Moilcottwl In La and TrC we »hown m Wdftw. 
Tbe totio mT U ^ underlined, the OS signal U il^d ana fcj win- 
Sf P kMato to Indited with an ^^"^"^^ 
nrtfiuc at position 4. Doth the C and C awsxnncors have tut* feci* ffied at ibis 
portion In btotosjcnlly derived vlrw, 

repliwiioo arc independent processes that involve different 
versions of die polymerase and/or different or-aclinfi i Initiation 
signals, fa ihis case, transcription need not necessarily initiate 
at the 3' gowmic terminus. In this respect, there b some evi- 
dence that transcription can be initiated directly at the 
signal of ine ftm gene of VSV (7). 

While it appears chat certain feaiures of transcnptlon and 
replication are shared among the mononcgavinjscs, RSV bus 
its own distinct features. For example, proceswve transcription 
requires an antiicrmination ftetor, the M2-I protein, which is 
not found in most other mononegavmiscR. Two additional 
proteins, NSl and MM, which ad*l only for the Fneuptovtw 
genus, havo been Implicated in regulating UNA synthesis (2, 3, 
22). Deletion of the M2-2 gene reduces RN A replication and 
augments RNA transcripilon. Unlike other paramyxovlruKes, 
RSV replicacon docs not require the genome nucleotide length 
to be o multiple of 6 (36). Furthermore, the cij-acttng »gaals 
involved In initiation of replication and rranscription appear to 
be mostly ot entirely confined to the extragenkr regions and the 
first GS signal (10- 24), whereat for other paramywjviruscs, 
these signals extend into the adjacent genes (30, 38). 

The present study investigates the eir-acting sequences in- 
volved in RSV transcription and RNA replication and, in pay- 
itmilnr, examines and compares the genomic and andgenomie 
promoters contained in the 1* and TrC regions, respectively. 

MATERIALS AND METHODS 

' cDNAa. Minifienomo plumlei C4I, C2. and Wtaw ^rw Urtjibed previ- 
uwdy (IS. 10, 33). Bach eroded minigenomc comnto fn 3 -to4 order tht» 44*t 
RSV Le, Ihe I BMir NSl GS stew* »&» upanroam W a* <4 the qoaUmKl wed rej wi 
nf the NSl tenc, a fW-rvi pegarjve-sense copy ct tfte chlnramprieoieed aotijn- 
**den* (GAT) open re^i^nme (ORF)Tdiel*« 12 : *i oft* nooirnwUtied 
T^wSThe L *enT*= GE signed, and the 155-nt Tr won- Mki*c- 

narne ZG dif an in Hui U cant aim a C-o>a muniinn (TK^r*r *tft*c) ai i podllofl 
Trt*™ iu the 5' cod of the It. l!dcb cDNA in beroWd ai the 5' cpd rehDvc 
tu the encoded ram^eme by into* O reilduea end the T7 RNA po^eroac 
nromoTer (the c reunite* improve efftdeney of initiation by rho T7 RNA pftW. 
mem*j and ri ihc 3' end wW. a nolf-clcflwins rfcr*ry»ei ihe Jmi^<*»* 
riWi/n: In C2 rtad 2G (19) «nd in* hepntiU* dc)u Wm* riborrmo in CUl (34;. 
rim.mui C4 conminn mlnl^eivome a in ihe oppoeto orlcniailon wrh rc«pccl m 
,h* rlbmymo und T7 RNA patymonae prajm*»r and i£> encodei r naw&™^nu 
minwntiscnonic. Mlnlserwirw riwrnW* A3n ca A147 wmc pftpjred by PGR- 

S^ieattl SS comained b purlkw trf ihe heparin dcli« fiburyme ^ 
quence, itttfudlns an RsfH Mie, and hyl>r<dl»d m Ifae cod 6f the Tr regem. Thu 
posjiv^rtse nnrncTeeiiCMaud « fl»XI site hybfidiied wdhio th? Tr regwn 
ETMettte TrCnww* of 36, 57. 77, 97, 1 17. or 147 nl. The PCK proilui-u were 
diHoited with Aril end iWXl and Inacrrcd irno the ^orirnfiaiXl window ot 
niuiicftOrtic C4I. "tach caniaine m torll irtlo ^ihlft ihe riboxyw: end a neiu- 
Tdh rVccui-rta AffXJ ^ wilhm Uw U (ihe^lXI rcoognllidn .Muei^nw nl 
35 to *6X Plwmida B3n u\ HU7 wore ctMuirnacd by tr» mcimid of 
nl iS): mCaLsennme plafanids M6 m Al*7 were used « i*mnto«u /or PCR 
nmpliftwilnu by urtnB a pOkUve-Wlie phospaoryUird pHmrt whose 5 Wd bjj 
42 m from IheTr lojmlni* and o nc^liv^n*c pfcoflphorylaied prjmer whose 5 
••nil lay ii the end of thn L GE algnal. The PCR prudyci w» ( — ^ a 



lipiicd. Plwmid. C61. CHI, and C101 were prtpared by ln«imnB olioonDcJcoliac 
Tplevus into tbe KnXI «ta «f plhimid C2, mMlium w^/^Jf^^J™* 
or 17. 37, or 57 *l These iwcnlonfc reserved Uk end of the I.c *uch that ihe 
hUreWtfis ^cqoencc w« pJacad between ihe Le and 0* NSl <K »^ Ench 
kMcR JnSTeed i unique /t/flT We. MMv»«n< r Mwrndi C12I «d CIS 1 «re 
prepare by insert™ 2b .nd 3U nt mtu .he ^'» to ^ C ^J"^ 
ull.Qnudcuddc dwpto coii^o^or^ucncc rAndurnly chosen &^ ihe K3v 
N woe. Pla^nilda D36 to l»7 w> sanerwed by »«wng A3S j.» A97 m wmplai" 
Ui fpCR (Sy. a pHrophnrylaied pp«tiwt-«en« P^^how: 5 W " 
O rwldw of ihe NSl GS aisrial, we * phosphorated nraali^^ense pnmt 
whQ»D 5' end li* a* portilon 34 of th* Lc. Ph>smicb E36 to 6H7 wtr* ' "rpt/urted 

LTwhicb riirkto witSTae CAT ORF. and WitdW. wiudi reilrKllhe^ 
die pUwmid backbone arid the T7 RNA promoter. Mi nififlrtflme pJ^WFlwi* 
jKnemied from puwrnid C*I by PCR fnuiafeneiw (S) ro Insen a hammerhead 
Swrei: ID and la ^qoonee CGOACOO. wtdeh nltoro opilrno) inwsoipiion by 
ttwT7 RKA polymefio, between the Tr nod ihe T7 RNA poVmerase Fomacr- 
Minigtoame P3 w* eonswurtcd in a fcimDar manner «nh a veruon of OH thai 
contains a G rather than a C trt Ration 4 of ihe U (nesailvc sense). Mlntge- 
r^ertusmidj VI ami F4 wore prepared l>om Fl and F3, rwocdively, by urns 
PCR \o mplooe the Tr n^lru whh LoC sapience. The LaC joc-totwc conimncd 
tt O at poaltion 4 retold w ihe .V end of me ^ 

Traairoetiana. a4onol^c» of n£p-Z colls In sJi-wcH dUbn were rirnttl^ 
ncooaly inreoed with 10 rFU (pc* ce«) uf v^cima vrrw^O (provwlcd by 
Thonaa Fwem end Bernard Mo*). *hkh expftffties rh* T7 RNA polyw«n^ 
(1SL and imwfflcted *hh the foHnwinfi mlaure of flawnld* per weU or u %v^ycl\ 
dsh: 02 us of mlnlgf nome DNA. a.4 pg nf pTMl N, O.l »( P™\ v > 01 
Of pTMl M2-L MM IU W of pTMl L (Rs. Z to 7) of 
PNA, 04 US of pTM I N. 0.2 pjj uf pTMl P, and 0.1 He of pTMt L (Fijj. 5^ M 
described pTc*itnwh/<L9>. CUntmJ ifansfecdone l««*irts L or stil atipport Pt^J 
Teceivcd pTMl plaimid »hh no Insert so thai iltt amount of irwiKcocd UNA 
was Bqurwleot in each well. Twenry-fotsr hours laser, Ihe tran»tealon-ir4«tic» 
mixture was replaced wUix OpdMem cuw«Jnrnc 2% fnal bowinr «r M m and 
actinomydn D (Calbiochcrn) at : msW. Th« aetfaomyew P^iartirvs mcdnim 
vad removed after 2 h. i ^placed with freah OpnMem coobimina «»1 bovine 
«runv aad Incubated for a further 24 h. Each waiwfccUon reacrlian ww *et upln 
dupbcaio- KNA was directly extracted from wlb» from one of the **Ui- and the 
ceUf in the other well wrrc fy»ed wb nonh»nJe d*rcrg*m «nd tncyKmed with 
inieroeoccaJ nucletwc (MCN) prior U> RNA porlncalinn m di|«at nneTwapwdauad 
RNA. » described p«vtm«V . . ... , 

RNA UoUbon, ofbidldT) chiwaingrephfc awd Nonbam btoi arybrie^aiien. 
RNA wirt e«r»oed by drsaotvins cdl oeflcu or MCN-t n»icd ccO lyiaie* » . Tn*e4 
roifieoi (Life TecBooloslea) according to ihe asrpptfer'* prciiocoi except ihat tno 
RNAs were ettractad with e^eia^-cWOroforra and ethanol prcapiuited after too 
i^opropanol precipJtailon. OlinofdT) i^oraitupjaphy waa rwrforrned wtth an 
OUfloiea nRNA mini ail (Oidgen) uccurdJnfi to the nwiufwiuixr'ii b^cfjnnA 
ctttpt ihm ihc RNA ww denatumd by betnp heated w «S*C phur ro addition or 
the OUsotoa nuapimion. RNa rc^rcatnung 1/1 0 of one woU of edla was analyind 
by ea^ophorerfa in a )M agvo« gel conlauwS (V4* M formaldehyde, iranv 
forred to aUfoeclluUHm (Setiiefchef A Scnoetl), and Qaod by UV croaHinktn* 
(Siratagcne). Neaartw^enK a ixishhre^r«c / P-^Jcd CAT*sp*ei^ nbo- 
prnbo waa aynlbeaheU by T7 RNA porynwa-c ftom Xb*Wt$fif\>>4 1 C2 eONA or 
{voiMicemed G4 cDNA, respectively whI hyhrklrtcd to the Northern hwln» 
mkiure of 6* SSC (ix SSC '» ai5 M N*CJ plus 0X515 M todivm curate), 5* 
Denhards^ 0J% sodium ctodocyi M lb»e (SDS> nod 2W & erf sjearcd 

WVA par ml « ore for 12 b> The WoU wo^ w^cd 2* SSC-O. W SOb« 
nmm umperarure rm 30 mfn and then -i 65-C for 2 h end then m ai x SSC- 
0»l» SOSal SSX for IS to JO min. Too blm shown in Fig- 4T> was hybridized 
with a 5' labelled, nssmivo-vsv** U<«pcctftc obgonudcoddc probe (5 -OO 
HTIVVroCAAQTITOTTOTACCCATI'lTi^CCfXrj^ In a «tut»-n «f bX 
SSC, 5x Dcnhordtli aoluUnn. 0H<t SOS, 005^ aixJJurn^BmjAosphaic nt $FC 
forl2 h. The btot ww w«bed In 6X SSC for 30 cnin. PfcosnborlmjssBr anatyaii 
wm orffiod cot whh a Prwapharlmoger 445 SI (Mofcccular Pyuawa). 

Prlcncr Mtcsuloa Qnatyali of RNA. OHfi^dlXwrified or total RNA repre- 
«nUn E ooc-iturd tn opo-hiJf of - -ctl nf «n» *r 5 pmol of RNA inniscrlbeJ in 
vitro frooi plasmid C4 by T7 RNA fKPymenuc wnS ^i**?. 
J *P-J«belled. nesativo^cme, CAT-foeciRe ni^ortudeoucc probe (S'.GGOATA 
TATCAACGOTOOTATATCCAOTO) in I x Superscript U buffer (Ufe Tach- 
oologies) by bcaiinc tbv mlxlarc to for 5 min and pbeto* d ol room 
rjnipcrnni^ foTlSmirL One-bolf of the RNA-DKA hybrid wa ubl.acd aa a 
tcmhUle in a reverse rraoscriprasa reacllon tpdn fi SuporScrrpt II revarse tran- 
scritWp (Life Technoto^) ******* m i the ^lera rcocnon cond.t^ 
cweptlhai the rchcuon was carded out « 37"C tor 4 h- The lONa ww cxtnieicd 
with pbonol-chlnrofurm mid P^^l"^ *|* ^ ™ H 
nf a mature of 95% fonrumldo. 2» mM ROTA. ail$% hromophenol Mae, and 
0.03W jryteno cyanol, Tbn micrnUtert ontio cDNA wn» elecuoplwwesee I on n 5* 
LOflKKaarfcr (J. T. BnUr] pobwryUmide gnf nnd anaJyrcd by autoiaaTography 
unu Dhosphorlrriaidiie. Ax a tnolecubo Icnsth maruor, a didcoiy C se^4encei tt 
^cberX S with Uw ^ ollsonueleotide .a a prlnKr and with C41 
plBunid x» a templMa for T7 So^aenMC (Amerabam). 
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RESULTS 

Effects of replacing Ls with TrC, RNA bymhcsis from ^the 
RSV genomic and antigenomic promoters w«s compared by 
using a plasmid-based, intracellular system in which a genome 
analog minigenome) containing a CAT reporter B«ne -is co* 
curetted with RSV niwleoeapsid and polymerase protcinfi. 
The RNAs synthesized by the reconstituted RSV poh^^asc 
are detected by Northern blotting. Minigenome "1 re- 
sents the wild-typc genome and contains *i tt 3 end the tot 
86 nt of the RSV genome, including the : 44-nt U» the NSl OS 
signal, and the nontranslatcd region of the NSl gene, and at its 
5' iCTmMus, the last 179 nt of the genome, including ^hc non- 
translated rcgionof Iha Lgcae, che LGE signal, andtbe 15JHU 
Tr fFis 2A). To examine the promoter activity ot tnc irt- 
r J 0 n we constructed a series of minlgenomcs in which the 
first 34 m of Lc sequence were replaced with various lengths of 
TrC sequence ranging from 36 to 147 nt (nunigwwniea ; A36 \o 
A147). The 10 nl diat tie immediately upstream of the NSl 
sjmial were left intact to avoid disruption of possible cw-acong 
dements preceding this GS signal (fig. 2A) 

Plasmids encoding minigenome C41 or A36 to AW were 
transfeaed toeeihcr with support plasmids into cdfar which had 
been infected with a vaccinia virus cnce^mgT71WA po^mer- 
ase w drive phtsmid expression. Total intracellular RNA was 
harvested at 48 h and analyzed by Northern blot nybridizatton 
wiih a negaiive-senRC riboprobe to detect anu&enome and 
mRNA generated by the RSV polymerase. To further dsnn- 
Buish the encapsulated antificnotnc, cell extracts from dupli- 
cate transfection wells were treated with MCN prior to RNA 
purification. As described previously (15), miwgenomc Wi 
generated a large amount or mRNA and a small amount of 
unUgenomic RNA (Ffc 2B and C Jane 3). Similarly raraige- 
nume A36 cencrotcd both antigenome and mRNA (Pig. us 
and C, lane 4), Thus the flnu 36 nl of TrC contain a promoter 
that can direct transcription in addition lo replication when 
juxtaposed with the Lc-NSl junction sequence, to the length 
of TrC sequence was increased faunlgenomea A57 to A147), 
the level of antigenome increased, although minigenomes con- 
taining more than °7 nt of TrC sequence yielded somewhat less 
than the maximal level (Fig. 2B and C). In contrast, mRNA 
synthesis decreased wgidneantry, such that the mRNA synthe- 
sized from minigenomcs A97 to A147 was barely detectable 
f Fte. 2B t Lanes 7 to 9). Thus, increasing the amount of irC 
sequence augmented replication and reduced tratiscnption. 

It was important to confirm that the level of plasimd-eup- 
plied minigenome RNA ww equivalent m each transfection 
reaction. Therefore parallel transfcaioris were earned out in 
The absence of the L expression plasmid, and the accumulation 
of plasmid-suppUcd minigenome was analyzed by Northern 
blotting with a positive-sense probe. This analysis showed that 
a similar amount of plasmlovsupplied minigenome RNA accu- 
mulated in each transfeetion (Fig. 2D). However, examination 
of MCN -treated RNA showed that ihero was a progressive 
change in the pattern of MCN-resislani input minigenome 
with increasing length of added TrC sequence {Fig. 2E, lanes 3 
to 8). Minigenomes C4l, A30. and AS7 could be observed as 
abundant single bands (Fig, 2a lanes 2 to 4), but mmigenomes 
A77 to A147 appeared as less-abundant multiple bands, mostly 
of slightly reduced length (FI&2E, lanes S n H). This suggested 
thai one or both termini of these RNA molecules were incom- 
pletely encapsldfrtcd and hcnCv- subject tu digestion by MCN 
and thai encapsulation overall was much less efficient. The 
resells presented below indicated thai this was due tp the high 
degree of terminal complementarity of these minigenomes, 
which probably promoted panhandle structure formation and 



C + 




- it'-!- ■-» ■ ' ■ 

PIG, 1 EPofif of rcjDlncwe UK 3' 34 nl ot U with impawns Iftjplu tfJfC. 
(A) Structure* (nta lo sale) of mwiEsnumc C4l, wprownnng wW-njF '«5y, 
mi mlnl«npm« A* co AW, v.bkft aw dcdpwtM according t« the ten?* £ 
EKSrEc. M*m». GS or GP- «dfln*l* arc Indeed 0p<a or utiti 
ham, *«*ai«ly.(B C) Nonhdrt blow of powiiwrfrtu* RNAijviil««wd 
Ertw m»idiuted WV polymerase. HE^2 odu wm iufcrted ^th v**l*to 
SnTvTrrS ap4 whim* ir**keicd whh plaids ihw eneod* min.gc. 

jpdicnM) logcttici wiW pTMl wppon plu»mftU eapro* n& N, P, ^; 1 <™ 
zVcTnTp, M>1. **4 t > to 9) v**m. L^, 1 rcc^m^p'TMl 
exMouiDn plasmid, P*\y-°i#* Iwurt twr, ilw cclU >«re prnw^ directly "or 
S^fl^an (B X c& wc« propatct UaMd with MCN U>d^vy 
uiKnaimdaud RNA (C). The blon were hyUrk&cd wuh a r^Rail-c-w^c. 
OVT«ESh iritm^ l 10 and C) N^lwrn bloc waly** ftf p!iuniid.«ppl.cd 

□mined from pO vision*, and •■•anly wutco of mlnljwipmj ftNA jna 
tjiiianud Forty-ciMhi how touw. the «iU pmcwd diracilir Tor RNA 

iF> S5 RNaJ w^rTtkttrtcd mth ;i podif*«™:. CAT^ccific rihcipmbc. 

Inhibited encapsidatlon of the termini. The relatively lower 
levels of full-Jcnsth, eneapsidated minigenome eeneraud I from 
plasmids A97 t» A147 would account far the relatively lower 
levels of antigenome produced in these transections, as de- 
scribed above (Fig. 2B and C). 

The amounts of antigenome and mRNA ftenerarcd from the 
minigenomes that were eneapsidated efficienny (CAl,AjQ t ano 
A57) were quantituied by Pbosphorlmager analysis. This anal- 
ysis showed that minlfienome A36 produced amounts of anti- 
genome and mRNA similar lo those of minigenome C41, 
whereas mmiganomc A57 generated approximately twofold 
more antigenome and one-third less mRNA. 
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na 1 flffttC »* roplnrinft Lc wlib tamirolnfc lonjlTW of TrC a cider eondi- 
Uunt in ukch tenuis! eumplanwiiuUy Is Ihro*d w 43 *. 1*) Stnictun: uf b 
wqu of miniKWHiwwi, B3S to BM7, in which too J 1 34 nt U l»w been 
rtpUttd by lb- indiemtf l*Oflih of TrC ttqiitaee (« ln ^.iojo m A 
kbown in Fifi. 2) ort rhc Tr hiu butt iruncnicd 10 ihe 5 44 m, to Hraftm* 
fcnuinaJ cornptoracnuirity. (BwlC) Narchcrn ^P^ 1 ™*** 
nynih»bod by the rctwmtartwl WV pdynwnww- PanUW well* or ejft ■ wt« 
"Zfec*dwilh ptoU C«l (lane* ) tP 3) or «rinl|pnom« B36 w B 47 (Imps 
4 to V, Qii radicntDd) togoriier with pLwntfs oxpfaainp N. P, W> MM ftane « 
nf N. P. Mil. and L (tone* 3 u> 4). Unc I rwclvqd ^P™'^^ 
plnunld. The bkm toiul lB) w MCN-iwIiww (Q RNA deiewd hy 
hybridirelioe wUh & ncgaUw-*cro« CAT probe. (Ps«iG) Northern Noj an* 
vmj oi p1*smid»<krivcd mbttjeoome tempi*!* Cilli were InuwfecuU «M i piot- 
ma C41 Un«a 1 and 2) pr plawnidn orwodtaj cnimnonpcqtf BJfi luBJ47 (IMW 
3 to ft. u fndtaUcd) wiiW ,upport pUw»W* (UAC l) orwfth N. F. «jd MM 
pUsmufe Own" 2 to B). The hloU total (CJ or MCN-to Jaani <P> RNA. 
drtacfed ny hybrid-feme* wuh • noaovcieroc CAT iwobo. 



TrC n| 77 to 97 enhance replica lion Independently oT 
increased terminal complementarity. Increasing the length 
of TrC sequence used to replace Lc might have affected eke 
pattern of positive-sense UNA synthesis either directly, as a 
consequence of its primary sequence or increased length com- 
pared to chat of Lc. or Indirectly, by increasing the degree of 
terminal complementarity and potential interaction between 
the genome ends, or both. Terminal complementarity has been 
shown to affect transcription and replication by VSV (40, 41). 
To distinguish between these possibilities, m in [genomes were 
constructed that were similar CO those described above, but 
contained only the 5'-proximat 42 nt of Tr sequence (B sencs 
of minigenomes {Fig. 3A]). Thus, these miragenotnes have 
incrciiMrnj amounts of TrC sequence at the V terminus, but 
share the same degree of terminal cornplementarity. 

Figure 3B and C show Northern blots of lolal and MCN- 
rcsistiuit. positive-sense UNA generated by the RSV polymer- 
ase. Note that in panel B. ume S is underloaded in this partic- 



ular experiment, as was confirmed by repeat experiments. This 
analysis showed that, as with mwigenome* containing com- 
pile Tr antigenome levels increased and mUNA levels de- 
creased with increasing length of TrC. For mmigenome* B57 
to B147, these effects cannot he attributed to increasing ter- 
minal complementarity and therefore must be *^ *c 
mary sequence or increased length of the introduced TrC seg- 

m Figure 3D and E arc Northern blots of the control transtoc- 
rions showing the accumulation of total and MCN-rcsistanl, 
plasmid-suppJied minigenome, respectively. In contrast 10 the 
skuarion seen with minigenomes containing compleie Tr, each 
minigenome wm observed as a sm B le, discrete band following 
MCN treatment, uidicatuig that each of these mtnigeriomes 
was completely encapsldated. This result indicated that it was 
the high level of terminal complementarity of minigenomes 
A77 to A147 that inhibited encapsidallon (Fig. 2E). 

Because each transaction received completely encapsidated 
minigenorae. this expcriracni allowed us to measure the effect 
of different lengths of TrC sequence on antigenome accumu- 
lation. The RNA bands in panel C were quantitated by using 
a Phosphorlmager and adjusted acconling to the values Tor 
panel E to account for the minor variation In input encapsi- 
dated RNA- This analysis showed that increasing the length of 
TrC from 36 to ^7 nt augmented antigenome I eve^ approxi- 
mately fourfold and that increasing the length of TrC from 97 
to 147 nt caused a further minor increase in antigenome syn- 
thesis. 

The cfeel of TrC on RNA replication Is Independent of Its 
effect on transcription. To determine if the effects of increasing 
TrC were sequence or spacing dependent, minigenomes were 
constructed in which a spacer sequence was inserted at the end 
of the Le region, such that the length of the 3' cxtragenic 
region was similar to that in the minigeoomcs used in Fig, 2 
and 3 (C series, Fig, 4A). These mmigenomes differ slightly 
from those used m the experiments described above, because 
their 3' terminus is generated by a hammarhoad ribozymo 
rather than the hepatitis delta virus ribozyme. a technical point 
which would not influence the results. However, so that the 
minigenome backbones within the experiment were consistent, 
minigenome CI was used as a positive control instead of mini- 
genome C41. 

Analysis of the positive-sense RNAs generated from these 
minigenomes showed that, similar to the findings with increas- 
ing the length of TrC increasing the length of the 3' exirageme 
region caused a decrease in mRNA synthesis, particularly if the 
length was increused above 101 nt (Fig. 4B). This result Indi- 
cotes that the inhibition of transcription duo to mcreusmg the 
length of TrC Is not sequence specific, but rather is an effect of 
increased length of the V exiragenic region. 

Increasing the Lc length from the wild-type 44 nt to 61 nt 
(compare lanes 2 and 3) caused a slight increase m the level of 
antigenome; however, further increases in Le length had no 
significant effect on replication (Fig. 4C and D), This con- 
trasted with the findings for minigenomes containing imported 
TrC (Fig. 2 and 3). Thus, rhc increase In antigenome synthesis 
caused by increasing the length of TrC was specific to the TrC 
sequence. To confirm that the lack of increase in antigenome 
was not due to suboptimal replication conditions (e.g., insuf- 
ttcicni soluble N protein), a parallel reaction was carried out 
with miniscnome A147 (Fig. 4B and C, lane 8). This minige- 
nome produced aigruficanOy more antigenome than any of the 
C series of mimgenomes, demonstrating that conditions were 
not restrictive for replication. 

A subgenomic RNA species of Breoter size than monoos- 
tronic CAT mRNA was generated from the C series of mini- 



PAGE 18151 1 RCVD AT 9/25/2006 5:44:01 PM [Eastern Daylight Time) * SVR:USPTO-EFXRF-5/22 1 DNIS:2738300 * CSID:9121 27557306 * DURATION (mifc$$):13-40 



$ap-25-Q6 05:44pm From- 7143 912127557306 T-741 P. 019/051 F-620 



6010 FEARNS ET AL 




UCN 



?? fl' ft 1 «" ia * 161 



fl 0 4 i 0 7 9 




.MAM CAT froli* 



£catS3>u 



FIG. a, iweninn af a hewwiogons cpwcr Into lue U n^nn h«i dlffcrwU- 
aicd ofltew aa iron*HpUon and r^cmilon. (A) Sini*ur« (not ikt icW^ 
C aorick minl^notntt, m wind, a «paeor wq,^* ^JS^S^L^TS 

bhJi unalyaw of poMitYc^naw RNA» »yailwiJwd by ibc ftSV j^mor,i«. Gtfls 
irunafccicd with pUmwfr c*««io3 l e 2*Sf iJS-S 

mjhkcnomct C6I ta CI51 (lanes 3 to 7. u wdlcoiee), w ronnjciiomc Al47flartfi 

t 55 7 io *) hndi B um ft »bnw win) i-UMlhiUr UNA. and i pmcl C *l>~* 

acme. CAT-spennc ri^rQ&c ami C) or ncgoiwwiwe, Levant «Igntiu- 
dcoiido probe (D). 

genomes (Fig. *B). Northern blotting with an oligonudeotide 
probe specific for the posilivc-scnse U transcript (Fig. 4D) 
identified this spedes a* & Le-CAT readthrough mRNA, which 
had been described previously both with mtnigenomes and 
with authentic RSV infection (?. 24), The Le-CAT mRNA 
levels did pot diminish with increasing Le length and thus 
paralleled the antlgenome levels. Le-CAT mRNA ww not 
detected in wimples treated with MCN, indicating that it was 
not citcapsiduled (Fig. 4C), 

The 10 nt of Le that Immediately precede the CS signal ore 
not essential for accurate transcription initiation. As de- 
scribed above, TrC sequence juxtaposed to the last 10 nt of Le 
and the CS signal directed transcription. To examine if the ID 
Le nt are necessary Tor transcription to occur, we compared 
mioigenomcs in which rhey were deleted (minigenornes D36 to 
DOT) 10 minigenornes A36 lo A07. 

Minigenornes which contained 57, 77, or 97 nt of TrC se- 
quence yielded similar amounts of mRNA and antigenome, 
irrespective of the presence of the 10 Lo at (Fig. 5B and C, 
compare Lines 3, 4. and 5 to lanes 8, S. ond 10). This demon- 
strated thai these nucleotides arc not required for transcrip- 
tion or RNA replication- However, minigenornes that eon- 
taincd 36 nt of TrC sequence produced significantly less 
mRNA and slightly more antigenome if the last 10 nt of Le 
were deleted, suggesting that this region does play a minor role 
in regulating transcription and/or replication. 

rt was important to confirm that the mRNA synthesized m 
Che absence of the 10 nt of Lo was initiated correctly at the NS1 
CS signal. Folyadenylstcd RNA, isolated from the total RNA 
shown in Fig. 5B, lanes 2, 3, 7, and 8, was analyzed by pnmer 
extension (Fig. 6) to determine if it was initiated at uVNSl GS 
signal. Control reactions were earned out with total RNA 
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derived from minigenornes A36 and D36* and autigenome 
RNA synthesized u? vitro by T7 RNA polymerase to indicate 
the origin of the uniigenomc RNAs generated from Uiosc 
minigenornes (Pig. 6, lanes 2, 3, and 9). 

This analysis showed thai almost all of the poryadcnylaied 
RNA synthesized from mimgenomes D36 and D57 was initi- 
ated at the NS1 GS signal (indicated by an open arrowhead), 
similarly to the poryadenylated RNA derived from i mtnige- 
nomes A36 ond A57 (compare lanes 7 and 8 10 5 and 6), and 
only a barely detectable amount was initiated at the genome 3 
end (Le-CAT readthrough mRNA, indicated by solid arrow- 
heads). This result demonstrates that the last 10 rt of U arc 
not required for accurate transcription iniUetion at the NS1 GS 

^Comparison of promoter strength of TrC to that of U. It 
was of Interest to directly compare the strengths of the geno- 
mic promoter in Lu and the antigenomic promoter contained 
in TrC. This could not be done reliably in the preceding ex- 
pcriiucots because they employed minigenornes which were 
competent for arnpu'ftcation by the reconstituted RSV poly- 
merase, Specifically, the minhioilfienomc which a produced 
serves In turn as a template to produce progeny minigenome. 
As wc have descrtood previously (14. 33), this amplifies the 
plnsmid-supplied minigenomc template 5- to 50-fold, depend- 
ing on the efficiency of reconstituted replication in ary partic- 
ular experiment. Thus, any mutation which affects the em- 
fiiency of antlgenome synthesis can drastically affect the level of 
minigenome template, complicating evaluation of mutations. 
This problem can be overcome by blocking amplification by 
introducing one of several point mutations into the Tt region 
(33), one example being a C-to-G substitution at the penulti- 
mate nucleotide (Fig. 7A). This mutation does not significantly 
affect encupsidation or template activity of the plasraid-sup- 
plied minigenome, but the miniamigenome It encodes b inac- 
tive as a template for the progeny minigenome. 
Figure 7B shows mRNA and anligcnome generated from 
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PfO ft The Iwrt to nt or Le (ni W to 44) are no* neGcn»iy tar correct 
tftnwnpckw lulUtdton ai u* NSI as ,|gnai. Primer <>^<™ 
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Atf (hnw 2) or DM (lane 3) ar ol ^dT^pwified RNA tfnftcd f ^v W !^S 
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rtunu 8) Luite 4 b t ncfiMivo cwAirot in *hlch *o irMnreawn renown m»iuw 
did not cenrnin l> pUnanid. Uiu 9B A paftiifec contrul taring mWaroi*pnpmie 
RNA >yn*c*ized from C* plnartW in vtiTO hy "H RNA polymerise. Thu >izf> ol 
ihb p/Vnier cwwuion proUua l* I nt lonfr* ihw ih« of AJ6, onn-litoni wirh iu 
predicted atrvrture. Una i i» n ddC ■cu.ucndns rcccto carted ojil wiW 
041 w » lempiate; the pesliion nf the flrii 4 u (CCCCjtf the NS1 GS 
•fena U iajficstod. SoW arrewhMds InttlCHin *o pounonj of «WJJJf watod 
from RNA*i«JU«lcJ ul the minig«nwm? 3' wrminw, **u=h ^^J™ 
In tone* S to s\ und a laqp «f»n i»mjwbw»d indicates rtw (xafrton af cDNAJ 
gtncralcd from RNA* initaicd «i the NSI CS tigm*. 



Although the result shown in Fig. 3 addressed the role of 
terminal complementarity beyond 42 tit, this "PO™** 
noi examine the importance of complementarity withm the 
terminal 42 nt. To examine this, minigenome C41 wns moAM 
by replacing the Tr region with the 44-ol comp emcnt or Le 
£ec£ creatine minigenome F2 l****^*^**" 
amount of terminal complementarity from 27 of 44 nt (61%) W 
43 of 44 nt (98%). with the single mismatch bemg aL pOAilion 
4 (see below). We ulso placed a ribozyme between the T7 
promoter and the 5' end of the mlnifienomc so that both ends 
of the mmieenome were generated by selMcavlng ribo^mea, 
which leave correct ends. Tnis made It possible to place the T7 
promoter in an optimal sequence context for efflaeflt T7-me- 
diated RNA synthesis and obviated effects on T7 promoter 
efficiency due to ehanges In the minificnome 5* end (33). This 
modification precluded the need tor nonviral O residues at the 
$' end of the minigBnornc. A version of C41 containing the 
second ribozyme was constructed and designate minigcnome 

Fl (Rg. 8A), . . . . lhA 

The and F2 minigenomes were complemented with lf« 
N P, and L plasmkJs, and the synthesis of positive-sense ana 
ncgattve-sense RNA was monitored. The two rmmgenomes 
expressed similar amounts of positive-sense RNA (Fig, ^ SB, 
lanes 3 and 6), Because Oic transections did not contain M2-I» 
$ome of the mRNA waa truncated and migrated as a smear 
bdow the full-length mRNA, Parallel samples which were 
treated with MCN prior to RNA purification contirmcd the 
synthesis of comparable amounts of encapsidmed minianuge- 
nomc (Fig. 8C, fanes 3 and G). fincapsidatcd negative-sense 
RNA also was analyzed, which showed that Fl synthesi2ed 
slightly more minigenomc than F2 (Rg. 8D t limes 3 and 6). In 
comparison, very little minigenomc was detected when L plas- 
mid was omitted (fig. SD, lanes 2 and 5), which showed that 
reconstituted RSV replication was very effidcnl and was re- 



in lb 



mmigenomes containing either ic or 36 to 77 m of TrC and Tr 
containing the 2G mutation. Oonirol reactions demonstrated 
that each reaction received a similar amount of MCN-rcsisUmi 
minigenome RNA (data not shown). This analysts demon- 
strated that Ihe minigenome containing 36 ul of TrC generated 
slightly more antigenomc (less than twofold) than the tnwige- 
nome containing Lc. However* the two mlnigcnoracs gener- 
ated essentially the some amount of total positive-sense RNA, 
since the antigenome comprised only a small fraction. As the 
tength of TrC was increased to 57 and 77 nt, the total amount 
of RNA synthesized decreased due to a reduction in mRNA 
tianacripnon. There wtm a minor increase In antigenome levels 
associated with the increase m TrC length from 36 to 57 nt, but 
this was not reciprocal to the decrease in transcription. Tbus> 
these data show thai the promoters contained within the 3'- 
lerminal regions of TrC and Lc direct essentially the same 
amount of total posirive-sense f*NA synthesis. 

Promoter activity of Le under conditions or enhanced ter- 
minal complementarity. Previously it had been shown that 
increasing the complementarity within the terminal 50 m of 
VSV augments replication and inhibits transcription (40, 41). 







mintaonpn 




-L 


2Q 


3d 57 


n 


1 


Z 


3 4 


5 




PIO. 7. Analyiifiof ihPF 
in which Iho roini^-nuinc t«n^ 

niphcad by ihc ind.«v«d l^, rt TrC sap««l fas to *rttt AjFift. 2) ond th* 
penulllmate nucjooUdc of the Tr rcglfn fiu been diaixed ^ ^ a a 
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Fia H. Trantaiixion aua rtiWlcwtaa of rainlftenwnw in whtcfr the Tr ww 
repU^d hy the cpeWwciu nf ihr U <UC). (A) Sliurtorn (<i« w ftf 
mJnhicnoro«* Fl » F4, Eiich miniyjAomc contMi» * **-<"J* ■* ,b J ^ w ?" 
mini, min^om«i F» F3 contain U* complete ia5-fU Tr 0m 5 Icnw- 
mrt, miniacnamm F2 and F4 amain ihc ^*J^ "^J?™ 6 L ftl |£ 
minus. Tho 3' La ttoucww of miniftcno|>ic» Fl wid V2 ii|tffc* from U»l <tf and 
R by a simile n*deuU4o wibtdlwilim at po*irio« 4: hence, butti ni*un|Dy f>cc«r» 

Hoft iuSmcni* are ta^^UWi. (P V* C) NonbcTU film EM*™* Of piJNtfvB" 

sciweRNA* ^mhftlwd hy tlie ncoiwhiwd RSV frimrrol Pw^U wells of 
cell. «rrc inroafcd** *hh roinisenwne fl (lance I lo 3J, F2 (Urtrt 4 to 6], F3 
(unci 7 lg 3), « F4 (luiai 10 to 13) Together «all» ptaM i «pr»in0 N m«l P 

rctfclvcMl emjK> pTMl fixpnwrion ptemfc. The Wo» 4hpw tol4l (W * MCN- 
r cditont (C) RNA detected by hybrid union wiih « nog^lve*ew CAT pA»e. 
(0) Nannetn bit* ttttlysls of MCN-reftbWftl mWgwome RNA. detected 
hyt* (dizwon w*Ui fl. pfl«dvc«SMC CAT pfO^C. 



sponsible for most of the encapsulated intracellular miwec- 
nome. Thus, increasing the amount of icrrnirial cnmplemcota- 
rity did nor dramatically affeel tho activities of crtncr the 
genomic or aoiigenomic promolera. 

position 4 in the U has two nuttirafly occurring assignments. 
The 4C assifinment (negative sense), which was present In «U 
of the preceding minigenomes used in this paper, result m 
increased amificnome syntaesis in the rainireplicon system 
(NLE.P.. R.F„ and P.L.C, unpublished data, and see below). 
The 4G assignment is more common in biologically derived 
viruses. Wc constructed minigcoomc^ F3 and F4, which were 
ihc sBme as minigenomes Ft and F2. except tnm ihe Le con- 
tained ihe G assignment at position 4 (Fig. 8A). Mtolgenome 
F4 thus had HI0% complementariry In the terminal 44 nt. 
MUiigejiorae F3 synthesized slighdy more positive-sense RNA 
and encapsidated miniantifienome and substantially more cn- 
capsidated minigenome than did F4 (Fifi. SB, C, and D t com- 
pare lanes Q and 12). Thus, the increased complementarity did 
not augmcm synthesis. The reduced amount of unOgonoroe 
synthesized by F3 and F4 (Fig. 8C lanes 9 and 12) compared 
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to thai synthesized by Fl and F2 (lanes 3 and 6) Is due to the 
4C munition. 

DISCUSSION 

The control of transcription and replication is a central, 
unresolved issue in the molecular biology Of mononefiavimscs. 
In this siudy, we compared the genomic and amigenomic pro- 
moters of RSV to distinguish the cir-acting requirements lor 
replication and iranscription. The promoter tfwiained within 
TrC was shown to resemble thai of Le in being able to direct 
cfllcient transcription in addition to replication ^when juxta- 
posed with a OS signal (Fig. 2, 3, 5. 6, and 7). The two pro- 
moters also were essentially identical with regard to Pooler 
strength (Fig. 7). The sequence similarity bc^ccn U and TrC 
Hw at the V lermini, which share 81% nucleotide idemiiy for 
the first 20 nt, after which there is no significant similarity (Ftg. 
I) It is likely that the 2\ conserved nt include the important 
elements of a functionally conserved promoter, with the caveat 
that transcription requires, m addition, a downstream GS sig- 
nal (24). The remainder of the Le and TrC appeared to have 
sequences which modified Uiese activities, but were not cssen- 
tiai und had an impact that was on the order of only several- 
fold. In addition, we showed that U^pecffic sequence is not 
required for accurate transcription initiation at the first GS 
signal (Fig. 6). 

These findings differ in some ways from those described for 
model mononegavirusek For example, the TrC of SeV can 
direct transeripdon (6), as described here tor RSV, but thai of 
VSV apparently does not (41). Furthermore, both of these 
modd viruses appear to have Le sequence essential for tran- 
scription located immediately before the first GS signal (6, 28. 
41), whereas there is no evidence for such a signal here for 
RSV. 

Given the greater intracellular accumulation of genome 
compared to antigenome in cells infected with this group of 
viruses, h had been suggested that the antigenoraic promotcyris 
substantially more powerful tfwn ihe genomic promoter. Di- 
rect comparison of the strengths of the genomic and antige- 
nomJc promoters, in a situation in which slight differences 
would not be exaggerated by genome amplification, showed 
thai the RSV genomic and antigenomic core promoters di- 
rected similar amounts of positive-sense RNA synthesis (Fig. 
7) In this experiment, we were comparing TrC with an Le that 
contained a C residue at position 4. Since there are two natu- 
rally occurring assignments at thb posidon, we have also used 
the 20 minigenomc backbone to compare the promoter 
strengths of these two Le sequences and found that a minige- 
nome containing a C residue synthesizes twofold more antige- 
nome RNA than a minigenomc containing a C at this position 
(M.H.P., R.F.. and P.UC, unpublished observations), an effect 
that seems small, but apparently increases exponentially under 
conditions permissive for lemplatc amplification. 

Increasing the length of inserted TrC sequence increased 
replication and decreased transcription. The effect on replica- 
tion could not be duplicated with heterologous* non-THiC »; 
quence (Fig- 4), indicating that it depended on a specific TrC 
sequence element. Thus appeared to lie between nt 36 and 97, 
but was not further defined (Fig. 3). Similarly it has been 
shown for VSV, ScV, and rabies virus that the primary se- 
quence of the TrC region a more efficient at directing repli- 
cation than the Le (6, 16. 17. 27, 37). There are several possible 
mechanisms by which sequences within TrC could enhance 
replication: (i) expediting polymerase binding to ihe promoter 
and/or initiation of RNA synrhosis; (ii) promoting encapsula- 
tion of the nascent RNA, which could facilitate replication 
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oroccssivity; (iti) stabilizing naked, nascent RNA, which might 
^^rt?m if eacapsidation lag* behind RNA synthesis 
X down^ulaioVy effect on trdnaa.puon «U5cd by »^ 
creasing lengths of TrC sequence was due to the increased 
S I If the 3' eugenic region. This was de^o^a^y 
inflerting nonspecific spacer sequence xnxo the U i icg >on 
mRNA synthesis decreased significantly as the length Of spacer 
was increased (Fig. 4). simile u> the situation seen vr th in- 
creasing length of TrC. This result suggesra that efficient tran- 
scription defends on appropriate spacing between ; i^Portam 
rir-ncttog element presumably the 3' dement and the first GS 

M The changes in transcription and replication >cau*ed I by sub- 
stituting for Le with TrC sequence could not be attributed to 
ihe increasing degree of terminal complementarity, because 
minigenomes in which terminal complementarity waa^consis- 
tcnt behaved similarly to mlnigenoroes la which terminal 
complementarity was increased (compare Fig, 2 and 3). Fur- 
thermore, comparison of minigenomes containing Tr or LeC 
scqucnee at the 5' terminus indicated that the degree of ter- 
minal complementarity had no discernible effect on Conscrip- 
tion or replication (Fig. 8). These results are consistent with 
findings for SeV, which indicated that increasing terminal 
complementarity did not affect replication (37) but conlrasi 
with observations made for VSV (40, 41), which mdicated that 
increasing terminal complementarity augmented rcplicuuon at 
iha expense of transcription. 

In these experiments, m well as others described previously 
(24 25) there was no evidence of a direct inverse relationship 
between transcription and RNA replication, or would be ex, 
oected if these two processes were in balance (e-g* Fig. 7). 
Although increasing length of the TrC Increased replication 
und decreased transcription, rheso effects appeared to be co- 
incidental and unrelated Previous studies of other mononcga- 
viruses have not clarified whether transcription and replication 
are competitive; some experiments indicated that the ability of 
o minigenome to direct transcription was not related to Its 
replication efficiency (6, 28). but other experiments w^cated 
an inverse relationship between the two processes (4 1), The 
data presented here suggest that for RSV, transcription and 
replication arc for the most part independent rather than com- 
petitive, interconvertible process*. There may be some situa- 
tions in which transcription efficiency affects replication euV 
clency and/or vice versa (Fig. S), but this likely is an effect of 
two independent processes sharing the same template. 

The data presented in this paper suggest the following model 
for RSV transcription and replication. A single cfc-acttng ele- 
ment contained within the first 26 nt of the Le Is utilized for 
both transcription and replication initiation. During rcphca- 
don. the polymerase binds to this sequence and initiates RNA 
synthesis directly at the 3* end of the genome. During tran- 
scription, the poryrnerase contacts the 3' clement but initiate* 
RNA synthesis directly at the first GS signal, possibly by con- 
tacting the 3' clement und the GS signal simultaneously. 

This model of transcription initiation eliminates the require- 
ment for a transcription termination site before the first GS 
signal and is consistent with our finding that the Le sequence 
immediately upstream of the NS1 GS signal is not required W 
accurate transcription initiation. It also accounts for the lack of 
a direct inverse relationship between transcription and repli- 
cation. This model also accommodates our previous finding 
rbat increasing the intracellular concentration of N protein 
augments replication without Inhibiting transcription (14). It b 
possible that encapsidavion is necessary for replication, at ei- 
ther the initiation or elongation stage, and therefore increasing 
the intracellular concentration of N protein does enhance rep- 



RESP1RATORY SYNCYTIAL VIRUS PROMOTER ANALYSIS 6013 



Ucation efficiency (as determined by synthesis of complete ami- 
genome and genome). However, .since tf^P^n * a 
finer process, mRNA synthesis is unaffected by N protein 
concentration. If this model is correct, transection and rep- 
lication could be mediated by two separate pools of polymer- 
ase which have different conformations allowing them lo Wnd 
the common promoter clement at the 3' terminus, but then 
recognize different Initiation sites. This is consistent with evi- 
dence that VSV transcription and replication arc mcdwed by 
two subsets of polymerase, diffcrenuaied by posttransUtional 
modification (8, 31). 

One important postulate of this model is that the Le 3 
terminus contains a common element for iniualmn of uan- 
scription and replication, We are currently testing this pro- 
posal by carrying out saturation mutagenesis of the Lc region 
' to identify the nucleotide requirements for anrigenome and 
mRNA synthesis. 
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During Hk sum eplto^r^f^dUto*MW*« 




The study of the molecular evolution gf human r«pi«twy 
syncytial (RS) vims should yield new insights 
miolofy of this importwti pathogen. Tho virus » the leading 
S3 severe lZr n*pir-iory tract W 
children (see reference 26 for a review). E^.^woira^ 
ration data who animal hyperinnnune sera liulicaied that *a 
virus isolates were antigenicaHy neterogeneous (7). More 
recent^ human RS vlrica have been suborvldod tmo two 
3 subgroups (A and B) by their realties with 
Sp»H mouoctonal antibodies 
Within each subgroup, antigenic dtflcrenccS were predicant 
in one of ibe viraJ surface glycoproteins, w" 1 **' mc aHOch ' 

has dcoionstratcd extensive genetic hwro^eity of W vm» 
isolates, even within tho same antigenic Wbgroup(9, 
Sequence comparison of reference strums from antigenic 
bu^touk A and B indicated that the O proton was less 
curved than were other gene jproch^ 
subgroup, the G protein also showed the highest gencuc 
dive^nVe (4, 46> Tons, recem « ^ Jfi^ 

evolution of RS virus have recused on tho Q pr^cin gene 
because of its capacity to differentiate strain* that may oe 
identical in other wal genes and because of its antigenic 

dl The as virus G protein is responsible forvirus binding to the 
cell surface receptor (24). It fa a type U » 
single hydrophobic domain between residue* 38 and 66 that 

♦ Corrapoftdina imlher. Phone! W-l-fiW 0011 . Fbjt *M-639 1859. 



selves as both signal and rruiuimembraiw i and™ ^ *^2* 
protein precursor is synthesized as a 32^^rfypeptide wWeh 
krnodifted by the addition of N- and O-I.nked sugars to 
achieve the mature form with an apparent molecular maat of 
80 to 90 kDa in sodium dodccyl sulfat^polyaciylsmidc gel 
^cctrophoreaia (SDS^AGE) (^15, JlV ^P^"J*?£ 
mam contains four cysteines (residues 173, 176, 182, and 1W) 
which are conserved in all RS virus isolates and a short 
segment (residues 164 to 176) of c^ sequnricoic^tiry 
between the two antigenic subgroups. ™*^ n J*^"* 
tbc most hypnotic aexmcnt of the Q protein «*oowna to 
and has been proposed as tho putative receptor binding site 

(2 Tne C glycoprotein is a major target (together with the other 
surface glycoprotein. F) of the aati-RS vims hutnoi aj unmune 
T«ponsIPuriftcd Q protein (49) or vaccinia virus recomb> 
SSs^hat express this ant«|sen (32, 44) moVec ^bproup- 
apecine protection m experimental animals. In ad dsuoo, ant>0 
MAte cSifcj passive protection to an RS vims challenge (47). 

^octowi^Sodics have Wentffie4 diree types of 
apitopes in the Q molecule (see rtfcr<mce » for a ievicw):C0 
^in^pecuic or variable ephopes ft 18), (n) «ubpmn> 
roedficcStopes, and (Si) conserved epitopes, shared by 
Kups A and B (Z» 30f)r The stralii^peemc epitopes i have 
been numped within the hypervariabte CMerronial third of the 
Gproieibcctodomain (19, 36). Epttopca of thn other two types 
have been tentatively located near the four-cystwne cluster of 
the protein ccjodomain (1. 37). , ^ . _ 

To eUieldate the genetic basis of Q protein diversity and to 
evaluate the contribution of Immune selection to RS virus 
evolution, we have analyzed the sequences and anionic 
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channel of the 0 glycoproteins from 76 subgroup A strains 
So during^ Strive epidemics In MoniavidcttJUru- 
g3,„SM»dVid. Spain. The results obt.med ^f.*""^ 1 * 
RS Virus evolution analogous to the evolution of influenza B 

virus (54). 

MATERIALS AMD METHODS 
Vta-iMM, HEp-2 cans grown in Dulbccco's modified Eagle's 
medium supplemented with 10% fetal ealfi ^^S^Jd 
bted with nasopharyngeal aspirates from ehDdren admitted to 
^Tthe^Smh^tob of Montevideo, Urw«y ; and 
Madrid, Spain. All RS vlru^^trvc ^Irora (««firo.ed by 
immunofluorescence) were kept at -70<C and totter use. 

Viruses from original isolates ewe Pa^iJ^ * 
rJmee In HEp-2 ce&jl a clear qnonath.c :efcrt «U« be 
observed within 4S h after inoculation (17). At this tone, me 
crib were suspended la the vinu^jntaitilng supernatant sua 

^^iXrt&^^t-in, analyzed In this 
a^Sffi^S tola**. CM^d~[Mogor 
Madrid (Mad)), followed by a number and tte ywofte ft 
UoTpo? toiiSce, Mon/M»7 » *■ first Isolate of 19B7 from 

t^^cl^Ch. pert ,dish (l»n»)olOTp-2 
«Ua was infected with each of the viruses used m t^ study. 
When an extensive cympatbic effect «^%*i$tto form* 
(ion of syncytia, the cells were scraped off 
^licemX^Ueted * low^peed mWtt«l wn(MWO: * 
rain), and washed with pbosphare-oufered sdmel ?VSy The 
cdl peite* were then "suspended in SOOuJ 
buft^TlO roM Trts JpH 7^J. S mM EDTA. 140 mM HnOtW 
Triton X-1W. and 1% sodium deoxychefete). Jhe enracte 
were clarified by ccninfugation at 10,000 x g for 5 mm and 
were used in the following assays- . 

(5 Bet teat. Extracts Sere diluted uriih PBS lie -10 « of 
protein per ml, and 5 ml was spotted onto strips of InrmobOon 
Spe (MOIlporc). After air drying, the paper was ««urated 
wX 5% nonfat dry mflb in PBS and was developed with the 
M^a bS^ the figures, by u^fi bl^nyh-ed a^m- 

mouse immunoglobulin, ^^^^^^^Z^,?^. 
l^aphrhal Brairding to ihe recomo«>Ddaboi» of Urn manufac 

^SttSSL* T^-dcn^of^ 
trem eaeh cell extract was separated by m-MCBPa 
^^transferred to Irumobilon paper (48), end developed 

^S^SSS MA^uredW study were raised again* 

Th^ceduThas been deacrfb^ tadetaU [»evio^C9, 25. 
S3? Brtefly. total KNA was obtained by the iw*tocy»naie- 
£d mcS (6) from 6ve pctri dishes of HEp-2 ccU* infected 
wtoeaAvirua isolate in parallel with those used for the 
KeoaraSn of protein extracts. Ten micrograms of RNA w* 
KSSdired to m in vitow*n*esixed rediolabeOed RNA probe 
(ABMiCriensel of ihe O protein gene from me Long strain 

probe fragments were separated by dectrophoMels to on B» 
^^Sudo-7 M urea sequencing gel and were visualized 

. ^SEEEE^***^ ^of O gene 
Kand DNA wwTreverae tranacripmse (avian myetobfas- 
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tosis virusl and the oligonucl eotide LG3 <f^Pgg 

fiAACCTlTITl linn i Ji£).J?£* } J» ™ ^£u£5 

(SndertiDcd) for cloning purpoaes. Thn DNA_ mm "^""J" 
with *5 U if re, O^S«^S^^S^SSnc 

£dc^e^ 

rtrein (19> The amplifications involved ^Mord">a«w 

audfttl (which cute ricr nacl«^»S35 ol ttK O P^genc 
of all RS vhuB strains), ligated to pGEM4 vc^r (Promc^), 
digened with the same enzyme*, and used to rawforoi 
competent EsMctb aA DW. R^^P^^^* 
e£»NA bisons of the two C «ene ae^ents were selectee ana 
seonenend by the <Mcoxy method (40). ^ - w, .u. 
nn^Ssea.tbeOreIlNAw» ^""fl^^ ^ 
dideoxr method by using 2 ne of selected poly(A ) RNA, 
S^WeSedori^cteoildm: and reverse transcriptase, fol- 
lowed bv a chase with terminal Transferase (11). 
^U^S^ The "^^^ ^Afr^ 
quencea were aligned by mart! tte progra« 'W^J; W 
The perccntegea of nucleotide and ammo acid sirmtontiet wen 
SXedtoeacb pair of virosea. The dtoanee between pair, 
of nuclide sequences was calenlated with the fmn.^ - 
-0t*Ml~4ptiL where P la ^™?^°L^£$L 
dLgb bctwccri two sequence* and L w tte ^uenee taiga 
after^o alignment (22). Phylogeneric analysis was deme bythe 

rt-Mch treeaS. estimated by ^ bootstrap 
„_rt_, M /,jk The consensus topology and the commence 
ffifci^tr^n^wcre ^^d with tte program 
CONSENSE (PHVUP) (14). The proporttm of synonymous 
S^Xymou. nuelootideehunge. w^eateul-ted with the 
aJgorithm of aod Oojobon (31) „ 
Nndtodde sequence aeeeaslod number. The nindeowle se- 
JSSslreported in this manuscript have been submitted to 
Svn EMBLData Ubrary with aaxssioo numbert Z33414 w 
^4% Z334M to Z334S6, and Z33493 to Z33494. 

RESULTS AND DISCUSSION 
Anahala -f the G prelelna tram RS »b«ea toebited In 
Moare^eo bat™** 19*7 and 19M. TWr^-seVco^ru of 
taSan^vlroa (anbgroup A) isotawl hi Morrterndeo durtg 
Slooseeutive epidemics (1987-1992) were entered m du* 
ZdTTbVvlrute, were isolated from bospltaltoed eliddren 
SnurTlcaa than I year old) in the area who 

were suffering bom either pneumonia or brtmchiobt^ 

To recoup the puelic aoa^ia of virus woUt«, a s^ning 
of tbeirGprbtein ienea was done by the RNare A iramieteh 
dcarage method, using a full-length anUKflee RNA probeof 
the Cobb strain (9. 10). The results obtained (ftg- ^demra- 
SStedthat the probe was essentially pioteaed wto hybnd- 
Sd to homologous RNA (Ung) h« prod"^" 
band partem for each strain when hybndixed to >««re4ogus 
RNA. Since partial digestion coupons were used totteijmay 
reKi a ra P of all pSected bands in aadh lane exceeded tte 
nr^T^ however more arringent eoodlnons mereased the 
D S^d^tt7lW of^m^r^ (l^), ^ 
btterpreutlon of ibe results more i difficult N«^rrtd«*the 
one-dimenaorial Bngerprlnts obtained 
were higbry repreducible. For instance. Mon/L« generetod 
identical paiteros of RMa fragments m the three sepereto 
i represented in Fig. 1. 
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ca* line. The RNmc A digestion of RNwRNA ^^ra* 1 !^ ra " in »U Swc separate, caperlmen^ Secular sire martens 

To comparB the result, of dttfei«jt »W » J*»» Z^^^ti ^^^S^So^nhc righ«-Thotartd4ifcrtftCC 



The RNaac A fingerprints shown in Fig. I revealed etfejurve 
genetic heterogeneity among the G protein genes *f Che 
Montevideo Isolates. Hemic*! fingerprints were ^rwd wtfy 
»jih isolates from the same year. However* "ffl 
the case, and viruses dial generated different fingerprints couW 
he isolated during the same epidemic The tat^t»<* *° 
different viruses could be grouped Into Jjwo main patterns mat 
shored some diagnostic bands (Fig. 1, < and <). The capAdty 
of RNase A fingerprinting to discriminate between closcry 



related strains can be assessed from the following dat* Mon/ 
2/88 and Mon/3/86 viruses, whose nucleotide sc qi«rira of the 
Q protein gene differed in only I nodsodo^^^ow). 
generated ifartiwl Gogcrprinn.; *°"™>^^W*rtMo* 
%o viruses, whose sequences were 99.7% lineal (see be- 
inai \ o-Acrated nrtsororfo& that were very similar but disun- 
ite Wo^^ (left pane/ of Fig, 1. TTu*, 
RNase a fingerprinting distinguished G protein genes wtth 
seoTnccs which had close to 100% identity. From this point 



PAGE 26/51 * RCVD AT 9/25/2006 5:44:01 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-5/22 * DNIS:2738300 * CSID : 91 2 1 27557306 * DURATION (mm-ss):1340 



Sap-25-06 05:47pm Frora- 



7143 



912127557306 



T-741 P. 027/051 F-620 



VOL. 68, 1994 



EVOLUTIONARY PATTERN OF HUMAN RS VIRUS (SUBGROUP A) 



5451 



lton/2/BB 
H»n/3/8B 
Hon/ 1/69 
Hon/4/90 
Hon/1/90 
Hon/ 2/92 
Mon/8/»J 
lton/5/90 

Hen/9/92 
Hon/9/91 



a 

N 



R 
K 



H 

tf 



V 
V 

V 
V 



A 
A 
A 
A 
A 
A 
A 

ST A 
SI T A 
9 T A 
» T A 



T ^Jl 

^U., W «W ^ ™™ m»«* SAESYPO*TT -™ 



F C 

r c 
r c 

p p i i 

p p x l 

P P X L 

p P 1 L 



Hon/2/88 H 

Han/3/8a « 

Hoft/l/O* » 
Hon/4/90 
Haft/1/90 
Hon/1/92 
Hon/B/92 

Hon/ 5/90 M 

Hon/5/91 K 

Mon/9/92 H 

Hon/9/91 « 

170 IM . 

HOH/WB7 HDPHTtVmP VPC9ICSN1CP TCVAlCKRXP 

*wa/8* 
Kon/3/BB 

Hon/ 1/89 

M0n/4/90 3 
Atw/l/»» S 
Hon/l/92 s 
Hon/0/92 
Hon/5/90 
Hon/5/91 
hon/9/92 
Hen/9/91 



L T 
X> T 
I T 
I* T 
1 A t LT 
TAtlT 
T & L It 
I U> T 
I U) X 
t LO 7 
I TLD T 



v n, 
v it 

V XL 
CVS t» 
OYK L 
Cv* L 
CV* L 



O 
O 
O 

c 



»• 
p 
p 
p 
p 
r 
P 

A P 
A H PI 
A H P 
A HP 



0 

a 



6 

s 
s 

4 S 



! 



210 



sao 220 no 

TMDLRPOTT WKKVPTWP af*TWTTi 

I I* * 



f. 
L 
P 



P 
CP 

P' 



L 

X> 

AI» 

A 

A 



B A 
3 XAL 



T 

T 
T 
T 

T * 
T 1 
T I 
T Z 



2S0 260 
! 1 
Man/ 1/97 TWtRTTXXTT WTlGHWHTS 
HOJI/2/B8 f 
HOR/1/B8 J 
M0rt/l/89 * 
Hon/4/90 8 

Han/I/" * !fi. 

Hon/9/92 TPS J \ 
Hod/9/91 I 8 * 



270 

QlDTWiSTSS 
KZ T 
KZ X 
KB X 
IV D 
B 
K 

ft P 
KB P 
KB P 
HP- P 
MS P 



280 

>BQtfY 



s 
s 
rS 
s 



290 2?' 

I 5 : 

P L 

p P X 0 

p P X 0 

P P X o 

I p PS PP 68 

, o PS PP 5R 

1 p *! SS IS 

I P P8 PP P* 



Hod/9/91 » o ■» ■» — w . 

lho wn for MonWBl in the nne-teocr code Amino add differences are snewo for me oww 
arc indicated by attemlo). 



o* we assumed that vinises which share the! ^RNbac a 
flngorpriftts have essentially identical G JjftJKiS 
quences. In addition, a good correlation, AMiuad ftwn rttwr 
G gene sequences or the number of Aared ba ™ 
fin^rprints, tws been found between tne degreca of genetic 
retatcdneas among strains (12a). . . OM .„ A 

Twelve viruses were tekctfd on dw baart of their RNmc a 
^gcrprintfl for an in-depth sequence analyas 
rdSpSnoss. Eleven of those viruses generated i ditferent fln«er- 
^iTirT addition, Mon«88 and MoiiflM, ^«b^9red 
RNasc A fingerprints, were selected to asieSi dc^eeot 
sequence identify between viruses with the oaniefiriacflrpTml. 
cDNA clone* of the O protein P^JSSJ^SS^JSL 
d^dectsy method (see Materials and Methods). When unnsunl 



sequence changes were observed, they were cmfirmodlfoi 
other cDNA clones and were i^cntWBlly confirmed for ibe O 
mRNAby using reverse transcriptase tend Wroprurtc 
SnS cases, thfseoucnces obtained fmmc^and^R^ 
(iftfuda* the entixe sequence of Mon^88 Cgwu^were 
identica]. Thus, the sequences reported here represent toe 
consensu* sequence for each isolate. ...... 

Thawed Q protein sequences of the twelve Montevideo 

S TaII secjueoxe chane» wore the resell of either amino 
1% LlaSts « chanfes in the stop codon pod^n. Some 

consecurJve ternujiation codons after nuelcotJde 906 of die O 
prS^e Sr strains, however, which encode protein, of 
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29B amino aeidi. h»ve mutated the ftia termination oodon to a 
2dfc?S*EsUrtl- Chans* in the «op cpteMMMd 
Sth ImpoVtant anils*"* >*™J^^J££%£ 
RS virus escape mutants selected with eim-G MAM that 
recognfeed main^specifie epitopes _(29 .36). 

in aurcemeftt w th previous studies (4, 46), the amino acio 
chanSTho G protein eene of the Montevideo irtbtei 
StaM Partially Ui two region* of the p^letn 
sdndAniain- m the region between amino aoda 100 and 130 

and the amino acids between tellies 160 and 190 of the G 
protein ectodomaln, which confute the P^J* j^P^' 
Ldieg lite, were conserved in die 12 «^ 
naif ihe perceciaee of sequence identity was higher at ttw 

The nucleotide (seaocn«« of the Q protein gone from tnc u 
Mon^deo isolate? were used id ^W^^cn^cucc 
shown in tf& 3. The viruses that generated idenuod RN^= A 
fingerprints are shown at the end of each branch with ihe tmwn 
whoJscquencc wua actually determined (shown underlined). 
The different isolates were distributed between two main 
Nki£ In W epidemics (eg. that of 1988* most viru«a 
were included in the same branch, whereas In others (e^S^nst 
of 1990). viruses were distributed between different hraricbes. 

To correlate ihe genetic diversity of the C proteins from the 
Montevideo Isolate* with changes at the antigenic levcU ex- 
tracts of cells infected with the different viruses were tested 
with a panel of anti-G MAbs. The viruses could be grouped 
into two main antigenic categories, according to . their reactiv- 
ities with anti-bodies. Certain strain* reacted with antibodies 
25G, 78a and 68G, raised ugainst the Long O J"otei"j 
where** others did not react with those ™^ K ^' !^ c ° 
with some or aU of the MAba raised against the Mon/3/88 D 
protein (prefix "021 D. These two antigenic categories corre- 
lated with the two main branches of the phYtogcnette tree, m 
addition, other antigenic changes could be related to vtrus 
diversification in minor branches. For instance, the viruses 
MorVU9A Mon/1/92. and Mon/8/92, which were placed n the 
same minor branch of the tree, had altfcdar lost Ihe epitopes 
021/7C, 02V4G, 021716G, and 021/14G. Thus, a dear relation, 
ship was observed between the decrees of genetic identity lor 
the Montevideo isolates and their antigenic similani.es. 

Analysis of the G protein from SS virusc* Uoteted In 
Madrid between 19c* and W93. The same strategy used tor the 
analysis of the Montevideo isolates was employed to study 39 
viruses (subgroup A) isolated in Madrid during consecutive 
LTmL filtfiD After a first assessment of their 
ncneiic heterogeneity by RNnse A fingerprinting (data not 
shown), 15 isolates were selected for sequence analysis of their 
Q protein genes. Figure 4 shows the tdimment of these 
sequences, with those of MadVUSo <4 the standard. In tins case, 
thTprordn length ranged from 297 to 299 amino nods. As iw,ih 
the Montevideo isolates, the Madrid viruses that encoded G 
proteins of 297 amino acids had two contiguous slop codons, 
whereas those that encoded proteins of 298 ni"?,™. 1 *! 
only the second termination triplel. The strain MadWSl , which 
encoded ■ O protein of 299 amino acMa. had two inplete 
inserted after nucleotide 588 (amino acids 193 and 194) and 
two termination codons. The amino acid replacements in the 
Madrid viruses were also clustered in the two hypervanable 
regions of the □ protein (4, 46). The four cysteines of the O 
protein ectodomftin and the region between amino acids J6D 
and 190 were conserved in all the isolates. 

The phytogenelic tree obtained for the Madrid isolates 
shown m Fig, 5. denoting at the end of each branch those 
viruses that generated identical RNase A fingerprints. Two 



J. V)RD1.. 



main branches were also 

branches had only two viruses (Mad/2/B8 and Mad/8OT). 
whereaTthe other had multiple minor branches with wuses 
uSberween 1988 and 

bodies with certain anli-0 MAb* were clcarr? related to ahe.r 
^iTna in the nhvloKcnetic tree. It b miercsting to note that 

included in the largest branch, reacted with all the anu bodies 
refced ajminst the 0 protein of the Mon/3/SS strain (Isolated in 
MontcvSeo in 1988). However « l ^^ a g?Jg^£ 
later years that altered the epitopes Q21/4C, 021/5G, 02V7U, 
M1714G, and 02I/16G and split the evolutionary main branch 
Into three. This result is mdicaiivc of antigenic drift occurring 
during consecutive epidenrics within the same lineage. One 
- virus (MadflG/92), however, showed a pattern of wwjbody 
reacuViry rnarkedry dUTerom from that of olher closely related 

viruses (Mad/1/93 or Madft/92). 

Stationary pnltem of human RS virus (spbgnisrp A). The 
sentences ^Montevideo and Madrid isolates were added 
to those publiihed for the reference strains. Long (isolated in 
Mtlawe in 1956) and A2 (Jsotatcd in Mc^oume m 1961), 
and far six viruses from Birmingham (isolated m the Umted 
Kingaom in 1989), to derive the phytoBcneiic tree » 
Fta. 6. Again, two main branches were observed, but the 
hlrical trains (Long and A2) were ^ntly r^edto 
recent isolates. II is remarkable that most rafoor branches 
contained viruses isolated in such distant geagrepWcal loca- 
EmTw Montevideo. Madrid, and Birmmgham. This result 
reinforces the conclusions reached by Cane and coworkers (5) 
from analysis of N gene restriction patterns and partial G and 
pSgenc sciences. These authors found rJiat vtruscs 
faploied at similar times in Hannover and Montevideo or ro 
9irmingham. Hannover, and Kuala Lumpur were very similar. 
It should also be noted that viruses Isolated m the same place 
SSs At same epidemic (e.g. Mon/4/90 aridMon/^90) may 
be more distantly related than are viruses isolated No two 
distant places and in different epidemics (e-g.» Mon/l/B7 ano 
Mad7lyB9). . . , . 

The geographical disoibution of the subgroup A isolates and 
their prevalence m different epidemics suggest that RS vires, 
like other respiratory viruses (c.&, Irifluenza fi Pf^ 
from one place to another. Consequently, the shape or tnc 
nhYlwtCTtetic tree wr RS viruses isolated worldwide should be 
£SS by at least two parameters: (0 the rapidiR r with 
which viruses originating m one place move to distant places 
and (u) the viral genetic drift due to the accumutoUon of 
mutuuons. It is interesting to note that in the tree tn Fig. 6. not 
an isolates from the throe places were equity represmued in 
the branches. For instance, the minor branch thai lauded 
Bir^Bir/3/89, Bir/cVBQ. MadM^l. Mad£/92, and Mao73/92 
lacked viruses isWd in Montevideo. Similarly, only one 
Madrid isolate (Mad/2/88) woo placed hi one of me major 
branches. This rewli may be due to a sampling error Inn may 
also indicate certain limiiatinns of viruse* m upreadrng from 
one place to another. c . 

The phylogcnctic Ircc in Rg. 6 suggesa a of ^ vires 
evolution similar to that of influenza B virus (54), In the latter 
case, several codrculailng lineages coexist r« extended pen- 
ods of time (two discrete lineages have coexisted u™™**}* 
but within each lineage new viruses ^^J«^ 
epidemics, replacing the older strains (2X 34, 35, 54). A linear 
accumulation of genetic changes with time is observed m 
influema B vires isolatca. and this is correlated with an 
antigenic drift wkhiu each lineage of the virus ncinuigghitinin 
(3 2X 33-35). However, the extern of fVcqucncc dryergence in 
UVOglycoprotein of human RS vires subgroup A isolates (up 
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„ . . - mmmaahm f * rKr Madrid laoUtns, Symbol* we a* described in the legend to Fig. Z 

PIQ. 4. Sequence alignment of ihc deduced O prOWins for the Mnona www* 



to 20%) i* higher ihan ihai among influenza B virus heniag- 
EluliniAH (up IO 10%), Tht8 result highlights the extreme 
tolerance of it* RS vjrua G protein 10 sapience changes. 

AntHnie (Urocwre or it* RS virus G p^capttKdn and Ub 
natural antigenic variation. Previous studies with escape mu- 
tants of tho Uuig strain resistant to certain MAte bad Identi- 
fied residues, within the C-icrmina] xhird of the G PTmein, 
essentia) forW integrity of some « rain-specific epoopes (29. 
36), An ejoreme situation was found in mutants resistant to 



MAb 63G, which had altered the C-termiiial amino acid 

assrs:. 

isolates reacted in a Western blot with the G glycoprotwp of 
the stmin used as imrmiiiogen, suggesting thai *cy recomMzed 
"sWotieiry noiiccmfemisaiooai cpiiopw. Tims, company of 
The amino acid changes selected in the escape mutants wtlh ttie 
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9VM/9/9X 




* L- XID/1/92 



L| , HOW/1/03 
-L MWl/a/3« 
" HOH/»/«B 



3. VlKOL. 



"■ii.^ggg.aBeBeg'' 



Epitope 



630 



Chandra *clecrcd 
in o«»pc wuuna 



ChMgc* wudatcd In 
mare. Iwtaits 



7BG 



205K-N 
206P-O 
20TT-P 
MBI^S 
209K-R 
210T-Q 
211T-P 
232E-V 
2MP-S 
2ME-V 

265F-L 
275L-P 



28QS-Y 

293PS(L) 

2d5F-L 



inflated. TU uvrm -Wloo .add change- _* ; J^^^ l J^^r« tt iwu 
ttfl M «utt) by ■ douefc rtMlim .rime iblft ^^^^i^^u^iiwu 

to M Abs tQO wad 760 «o unpnbiHhc4 W*)- 



O.QX !).•«■« 

nucleoli* loqueocci Ol 'die G F««i f^.^ n ^™alsS 
Madrid iwl.tel were added tolhose of ihc lops 0*> Jj* A2 
.train* and to those of y SSSiR^imcfi 

Hd RSJW6I4 <BW6rf»). Tto pWo«e,*t1cl ln**aa JSffiJL*,? 
neighbor jotfllng ncihod. Syrabob iix ai described in Uw legend to 

Pi** 



O DTOWlD WQUMKW sported IR tWS artlCfe allowed US «j 

ZSSS 2** ccn^ amino ^ d »Mm*« tfnau^ 
isolates with the loss of epitopes 6XV 2SC, 6SG. Hud 7»u 
fTaST I VlUe sequence 205-KPTFKTT^U of the IgjB «J*J 
was Entered by2Q5-NQPSRQP-2U in a mutant (R63W4/1) 
^^MAb 63G (19); the ooly ^oacid etoftc mtha 
Snana of natural toolaJt* that was linked to the toss of 
eri^ 63G u^is 205JC-E in Mofl/4/90. Mutan« resistant \* 
SStoSBG ha^cnan^d diner 232E-V or234PW 
n^v changes in nftSral isolates associated with the toss of 
ffie tt^erc 233E-K and 244T-R t» » IJe change 
seKutonc ipuum nstatam to 78G was 28^ v wb c^s 
SelhToaes in natural isolates associated with the toss of thai 
SteS^e »OS-V ood 293P-S (or L). The only change in RS 

mutants was W5F-L, associated with the Joss of epitope »o. 

K^ta indicate that to most cases the mutations 
associated with epitope changes to natural isolates were W- 
Sed elo«s together Mrt did not coincide with the Change* 
selected in cseSpe mutants. This situation, sintfur » the on* 
found for human influenza virus type A *™^^<f, 2 * re 
in contrast to that observed in some 'Msahc^vltws^here 
Swwes in the structural proteins of natural sw^mc «man„ 
olSnwneide with chanees selected tn escape mutants {Wit 
fa S WhaUhnse djf etcUs reflect greateesrjueluri resBrtc- 
rtonTta ite prtKelns of icosahodral vi™se*-wtaeh interact 
tfehUy with other panicle eompt»ents-il»n u> vual mem- 
brans nrotclns of envelope viruses. 

^Wd*»»tion 3 °» thcinsetle dlSteeoees found In RS Hnia 
taSSiTid f-sati itdl»Scta|i U.«Dd« or evolution. It was 
reported previously that eertain eaoape mntants etftho Long 
^SSlclSwd in vitro contained deletions or mseiuons rf 
adeuwdnelA) in nmJ of 6 or 7 of the O proteus aene (19). A 
Snflar donble frareeshift mtitatioti-^twnoF ». A. Icd- 
Sed swnt triplets later by »n A msnruon-hna An Jbeen 
found in two natural isolates Of BS virus subgroup B («* It 
Sus unexpected that mutaUons of *° W ™c 
in natural isolates of subgroup A, suggcstJn| tha^ i there may he 
restrietions for ffwncahift changes ^!^PW^ 
in its natural host fbis resuU may be related to our recem 
nndtag that RS virus mutants with smgle reading .frame 
San^s, generated by deletions or Insertions of ao A. have 
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no. 7. Sequence «o»g- *™*^°,&^ 
beU* ™ «1« Med ^^^^^^^G^X^L^ct By ortng .ho algerlm* of Nel and 

diOi: renew among >^t» (uetetotogy) is represented along the 
S«Stetoieq»cSc. However, when the hcterotog ™ eatae- 
^Sd only for synonymous nucleotide chnnges (Fig. 7BMhe 
vsh^iloog thaCpro4Bin gene were not statically dtfetem 

from a uniform distribution. , . . . 

re „lis indicated either a positive «electwn of amino 
JrZ%£ * ShThypervariaWe region* of the O protein 
^dmnX*ngTeaj2ftole«neeof thoie regiomtosequei.ee 
en^gScc ihWrmte may be Influeneed by a bta jnihe 
radon usage tbe numbers of synoiyinous^eo^onyin^ 
^ZT ~_ ..u.i.^ far Min mnion* of the Q ptoiem gene 



reduced fitness to replicate in vino compared with wild-type 

Vl ainw in the position of the stop eodon of the C protein 
geoT^^oloSnilve to wc viruses entered In dussru^. &o, 
larger variations have been reported for limited tela of viruses 
from human subgroup B (46) and ^J^^^Jt 
mould be noted that changes in the stop eodon pa*hm w*e 
Bsneralty aaaoeiated with the emergence of certain nrancn 
SokK the evohitionnry tree in Fig. «. A simitar result tas 
Seen reported for the attachment protein (HN) da™lW 
JSSt&». namely, Ne«a*Ie " f 

temptinn, then, to speculate that the use of alternnnve tenni- 
wXTSdnni may olay a role in the long4crn» evolutton of 
iaJLynowve atticbmeni type 11 glycoprotein*. The ammo 
S^ThanWh, .he G glycoprotein of human RS vires odaiea 
accumulated preferentially in two hypemartab e region* <rf the 
Sn eaoimoin (4, «*)• ™» la eleorljr Illustrated by tbe 
SSS»r F&. 7/V where tbe percent em.no acd 



Sensed calculated for two region* of the O protein gene 
<tSr«=<^» 1 to 99 and 200 10 298) by using the 
atoSdm? ofNei and Gojobori (31). wMch introduce* eorree- 
SorV generic code degeneracy. Aa thown ta F.frTCand 
D, the rate of accomulatJon of ncKr^nyn^sefcangcs in the 
Oterrnfam third Of the G protein gene ^]«*£ n ^m 
segment encoding the tost 99 onuno acid*, independent ot 
eodon use. 
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As mentioned before, the strain-specific (or variable) 
ecWs of the RS virus G glycoprotein eeeooiulatcin lis 
SEaTthird (19. ». MVT* K 

MAS- 

tVdetenninen by immune selecnonof no* ■j"^™"* 
This situation pfallels that in *e bemaggKiUnfn of niitaenrs 
A viruses (161in wfcfch amino acid replacements in »"h|£ n * 
rite Uwoigh immane surveillance are toed at Wghw rates 
than toother pans Of the molecule. However, not all sequence 
cHwffis virus O protem are associated ™^9™ 
chanies. In feet, there is no indication that the hypcrvarmbte 
^TTbenwen residues 100 and 130 contains any relevant 

eP hXuW b« borne in mmd thai the MAbs used far oj^ope 
mapping weie raised in mice and that the antigenicity of the 
™ i«wecn residues 100 and 130 in nomans i« unknown. 
nSSST «S..ee alternative eymnationj .^^S'c 
the accumulnuoo of amino add changes in that re^moMhe G 
molecule: (i) thai the region ^.^» }™ " L"S Lf 
jmmnnogenie m humans but not in mice. (ii) IM the «qpm« 
changes accumulated m that region of njturul Isolates com- 
pawSlo for those selected in other parts of the G PTOWinEene 
or the viral genome, and (Hi) that the region ^addu^ lOO 
U 130 has an extreme tolerance to amino acid changes which 
we KlocTed by random drift (discussed for other SNA vmisea 

10 b^eunanrjfha RS vims G glycoprotein^ shows one or the 
highest degrees of tolerance to amino add changes among the 
SSinlpmteins of RNA vimtee. At leart two nqorjjK*- 
culating Itoeages of subgroup A ^^d^bu.a^^^ 
have coexisted for «m extended period e* time. TTte genette 
deflation of RS viruses b ^^I^;, 1 !^ 
changes In the O glycopnrtein. TOs i mode °£^*"° n /^ 
resembles the pattern of influeswa B virus evolution, is likely 
Sd by many factotn, including ^ virus spr^i^ from 
one place to another and the emeiBence of new variants 
through immune selection. 
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Modelling the structure of the ftision protein from 
respiratory syncytial virus 



Brian XSmitbH Michael C.Lftwrenw* and 
Peter M-Colmap 1 

PiomAleeil v RootA Iiulilutc 3*3 Ro^l Parade fcrkville, Victoria 3W2. 
Auslrali* 

ipfcseal wMito* The Walwr & EU*o Hall inaiiuuc of Madical JUiean*, 
P.a^oynl McHwunc HcwpHDK PtaWta. Viclcm* 305a Auiaim 
*Pr«<Mn iu*ar«u. CSIRO. Diviwon of HcaWi Silence «nd Nurritiw. 343 
Roynl Pvidc, Wrtwillc. Vtfiofla 3052. Ausmrtift 
*To wt*»n ccimsipiindcnCTJ Jwuld be *fldn»«d 
The fusion protein of respiratory syncytial virus (fcSV-F) 
is responsible Tor lusion of virion with host ceUa and 
infection oT neighbouring cells tbirmtfi the formathm of 
syncytia, A three-dimensional model structure of BSV-t> 
was derived by homology modelling from the structure or 
the equivalent protein in Newcastle disease vims (NDV). 
Despite very low sequence homology between the two 
Structures, most features of the model appear to hw high 
credibility, although a few small regions In RSV-F whos* 
secondary structure is predicted to be different to that to 
NOV are likely to be poorly modelled, The oreanizatton of 
Individmd residues Identified in escape mutants against 
monoclonal antibodies correlates wen with known antigenic 
sites. The location of residues involved m point mutations 
in several drug-restsumt variants Is also examined. 
Keywords-, fustan/homology modelling/Newcastle i*- 
vims/respiratory syncytial virus 



Introduction 

Respiratory syncytial virus (RSV) is the leading cause of lower 
respiratory tract infection in infant* and children, wiihahnow 
all children rjrxornine. infected by the age of 2 years. rVmary 
infection docs not induce immunity and recurrent infection 
occurs throughout life. The virus is also an important pathogen 
In immunocompromised adults wid the elderly (Collins 

Cr RSV ^? member of the PnewnoYiru* genua of the family 
of Paramyxcviridae. The /WiowWrMoe also include the 
human pathogen* measly mump* and paminfluenzu virus 
types Other members include Scndui virus, Newcastle 
disease virus (NDV), simian virus 5 (SV5), pneAimonia vinjs 
of mice (PVM) and turkey rhinotracheids virus (Tim. RSV 
has a single strand of negative-sense RNA. encodmft. for 10 
viral ororeins. Tlvee of these arc exposed on the surface of 
virion and infccied cell* the f (fusion) proiein, the G (attach- 
meat) protein and SH (small hydrophobic) integral membrane 
protein, ihc first two being the major immunogenic proteins. 

The C protein U responsible for attachment of (be viral 
panicle w me Host, a role ndopted by the hacmoggluunin of 
other members of the family (although G itself does not bind 
sialic acid). Following attachment, fusion of the viral particle 
with its host is achieved by F. While F i& able to mediate 
fusion in recombinant viruses lacking O and SH. efficient 

O Oxford University Praia 



fusion is obtained only when all three surface proteins are 
expressed (Karron ct o/„ 1 997). The F protein also pon**** 
infection of neighbouring cells by the formanon of 

The F protein is synthesized as a Single ^glycosylated 
polypeptide precursor of 574 amino acids (Fq), that is assembled 
in the rough endoplasmic reticulum into a bomo-oUgorocr and 
cleaved hy a cellular protease into two disulpmde-hnKed 
chains F 2 and F,, before reaching the cell surface. The pepiloe 
is anchored In the viral membrane by a transmembrane segment 
found toward the C-iermlnus of F,. Al the N-uwroinus of F,, 
-20 residues compose a highly hydrophobic domain (rusjon 
peptide) thai is bcKcved to insert into the target membrane 
during the fusion process. The F proteins of all Paramy^virh 
da* family display heptad repeat sequences, One of these 
(HR-A) extends from the C-t«minus of ihe fusion peptide 
approximately 56 residues to a conserved cysteine residue, 
while the second isN-tcrminal co the transmembrane anchoring 
domain. The X-ray Btructure of NDV-F shows that the nclix 
of HR-A cxrends a further 22 residues C^emunal to »c 
conserved cysteine residue. A third heptad repeat region 
(residues 53-100) identified in the sequence of the F 2 chain 
of RSV-F (Lambert ei qL. 1<>96) maps to the HR-C helix 
ob«rved in the X-ray strucuire of NWJ The av o f 
a complex of regions of HR-A and HR-B from both RSV-F 
(Zhao et «/„ 2000) and SV5-F (Baker *i *L. 1999) show a 
mmeric coilednMil core formed by HR-A, with three HR-B 
0>hciiccs packed anti-parallel within the grooves farmed by 
adjacent HR-A segments. This hexameric motif has now been 
observed in a large number of viral nision proteins and may 
reflect a common mechanistic element (Lemz tt a/., 2000). 

The hexameric coiled-coU structure observed for the HR- 
A/WR-fc complex probably corresponds to the Stable post- 
tusion conformation. The mrec-dhnensional atomic structure 
of the remainder of the RSVJF protein i-i at preset untaown. 
Single-molecule electron imeroacopy images of RSV-h (Laioer 
et aL 2000) suggest two morphologies, •cone' shape and 
'lollipop* shape. These probably relate to the prc-fusion 
motastahlc and post-fusion forms of the protein, respectively, 
analogous to those seen for hemagglutinin from influenza 
virus (Skehel and Wiley, 2000). 

The structure of the F protein from NDV, however, has been 
determined recently (Chen *r al t 2001). The molecule is 
oimerie and is organized into three regions, head, neck and 
stalk (Figure 1). In the head, each monomer comprises an 
immunoglobulin type p-sandwich domain and a highly twisted 
fi-shect domain. Residues 171-221 (NDV-F fuimbering). that 
include HR-A, form a central colled-coil spanning both neck 
and sialic regions; residues 465-495 (HR-B) are disced in 
me iitructure. The neck includes all of HR-C (77-105) that 
forma an o>helix in which the first 15 residues (77-91) pack 
oarallel against the central coilcd-coii, a mixed four-stranded 
B-sheet and art irregular bundle of four a-hciices. The structure 
h feneslrated by three radial channels rtttween the head and 
neck regions. These connect to a wide central channel mat 
cxrends ^50 A down through the head region. 

365 
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Head 



Neck 



Stalk 




aoa 

Residue number 

Fia. l, Schematic ioconday s&ueunr dinar*** of the RSWP model l*Md 
on Choi et u/. {Chen ct af^ 2001) and anictew compaijhilily nioi from 
Sd^SD for NDV-F CaolUl loured lin.) ^ the modrf of RSV-f (block 
darted lino). The caropnibiliry tww U colour cod^ M wrtiy » «« 
individual to p-baml domain I and rrnrn^ohal n-l^don«m 

U are Cfttuured yeflnw and grecm, rttpectively, Uie M^w 0 ll - «■* J**^ 
and central <oi|cd-coil H»-A ore coloured blue and Ac inc^ijw ww-neto 
bundle U coloured pink. The secondary tfrniur* demcnw of NDV-F «fe 
indicated *y ihe cutaurad bora aim* the lower edge of Ih* f»»el IcolouT 
coded; s«mv hclw; red. wand). 

The sequence homology of F protein* wiitun the 
Panm\xcmda9 family is generally fairly low although, 
wlihio any one subfamily, ihe level of homology can be high. 

36* 



The sequence homology between F proicms from NDV and 
RSV is particularly low, <15%. certainly well btbw the so- 
called rwUighr zone (Rost, 2000) for homology wUHnf; 
There arc, towever. several feature thai allow the generation 
of a realistic model of RSV-F based on Ac miitof 
NDV-F; they arc known to have the same ftmction. their 
overall morphology Is the same and key ^ncWsOwwal 
feature, are present in both in identical P 0 ^ 0 ^^"^ 
sequences. The presence of such feature* 
of obtaining a successful model (Colman ct al, 1993; CfiimcU 
ef o/,. 2000). We report here our efforts w deriving a model 
of RSV-F and an appraisal of this model. 

Methods 

Alignment* ot* representative *qucn^framjevenJ mem ^ 
of the P<iwim>«>Wrf<totf family were performed asmg CrusulW 
(Thompson <r<rt.. 1994) implemented in the BmEdit program 
rHaU, 1999). Minor manual change* were performed to ensure 
maximum overlap of predicted secondary structure with no 
insertions in these regions. These 
primarily to the N-torminal region of r\ and residues in the 
icdom 329-346 and 385-391 (RSV-F numhcrmg)-Se^rtdary 
structure prediction was performed through the PHD server 
(Rost and Sander, 1993, 1994). 

The model of RSV-F wan first generated by homology with 
NDV-F using the Modeller package (SaU and BlundclJ, 1993) 
within the msightll program CMolecular Simulations). Compat- 
ibiliry of the model wiih the sequence was evaluated With 
Ptoflles-SD O^ihy « aL, 1992). Three-fold jymmeiry was 
applied by superimposing the a-carton atoms of one RSV-F 
monomer on to the other two related monomers. The tnmer 
resulting from this assembly was ihen energy minimized 
using toe Discover program (Molecular Simulations) with 
all backbone atoms held fixed. The molecular mechanics 
rninirruzation used the AMBER force field and an elcctrostanc 
cut-off of 18 A. The method of steepest descents was applied 
until ihe gradient fell below 10.0 *caVmol.A, at which pomr 
the conjugate gradients method was applied uniil the gradient 
tell below 0.01 kcal/molA. The final model was again Msesscd 
using Proiilc8-3D and Procbeck (Laskowski tt a/., 1993). 

Results 

The alignment of sequences from several members of the 
Paramyxpyiridae family Is presented in Tfcble T. Also indicated 
in Table 1 is the secondary eiruclure observed in the three- 
dimensional X-ray crystal structure NDV-F. Trie sequence 
identity matrix based on this alignment is presented in TOWe 
!! Secondary sonctnre was correctly predicted by PHD for 
78% of Ihe residues in NDV-R Residues involved in mo p- 
bulges (Chan et aL> 1993) in slranda la and lb were not 
predicted as strand although the flanking regions were. Residues 
3 14-3 IB and 322-326 had secondary structure incorrectly 
assigned (i.e. assigned strand when ihe structure was helix and 
vice versa). Notably, me X-ray structure near residues 311- 
314 is poorly defined. The residues in strand Ig were predicted 
to be coil. Residues 371-377 were incorrectly predicted to be 
Btrand (although they do nol form of a M*et they do adopt 
an extended confc*roution). 

The success Of PHD in predicting the secondary sinieiure 
In NDV-F provides encouragement tor the prediction in 
RSV-F. The predicted secondary structure for the F proieins 
from NOV, SV5. HP1V 1-4. mumps, Sendai and measles 
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T>b)6 II. Sequence Klcniliy ma iria, of member* of ihc 
Subfamily 



Prwurtovirinac 



SVfl 

HFlvl 

HPIV2 

Mumps 

Swnfel 

Measles 

TUT 

PVM 

KSV 



NOV 


SVf5 


HPIVl 


G.3U 






0.226 


0.236 




0.3Q4 


o.<m 


0.234 


Q.2S2 


0.245 


0.447 


OJ03 


0.439 


0.223 


0,241 


0.0-1 1 


O.701 


0.253 


0.284 


0.277 


0.157 


an* 


0.161 


0.147 
0.135 


0.13O 


0.129 


0.124 


0.129 



frailly Parumy^i ridM (bm*a an ^ sequence nU g o»i*ni picfl*pT«l in^ _n_ 



HP1V3 



Mumps 



PVM 



0,20 
0.3R8 
Q.224 
0.251 
Q.J43 
0.134 
0.136 



0251 
0,426 
0.257 
0.179 
0,157 
0.172 



0.200 

0.258 0-276 

0.J5S 0.161 

D.127 0.134 

0.136 0.142 



0,136 
0.131 
0.120 



0,394 



appears to be highly conserved, despite pairwlse sequence 
Identities being as fow as 20%. The r^hen. of the 
Pncuraovirinae subfamily (that includes TRT, FVM and RS\0 
olso share a his* degree « f similarity in iheir predicted 
secondary situctum, but there are clear differences between 
the F proteins from this genu* and the members of the 
Paramyxovlrinac subfamily. This dichotomy is also reflected 
in the level of sequence identity, rangmfi from as low as 12% 
Lo a maximum of only 18%. In particular, the sequence identity 
between NDV-F, a member of the rebulnvtrus family and 
RSV-F is only 13,5%. _ „_ 

The predicted secondary structure of RSV-F (Table I) differs 
significantly from that predicted for NDV-F in several regions; 
(!) m HR-A, 13 residues (202r214) ore not predicted w adopt 
a helical structure, although there is a cysteine present thai is 
strictly conserved: (2) in the 4-lielix bundle, where die helices 
N2-N4 were successfully predicted in NDV-F, only two helices 
are predicted for RSV; (3) hi RSV, strand fllbia predicted to 
be siamficantry shorter, with an intervening helical segment 
between strands Iflb and IITc; (4) residues in strand te, 
incorrectly predicted by PHD as helix in NDV-F, lire predated 
(o be strand in RSV-F; and (5) ihe residues in helix H2 of 
NDV-F are predicted to be random coil in R5V-F. 

The homology model of RSV-F was based on the sequence 
alignment in Table F- The r,n%s. inflcrcnce in a-carbon poonons 
between individual rnonomcrs of RSV-F and NDV-F is 0.9 A. 
In the X-ray structure of NDV-F, five disulphidc linkages arc 
observed in each monomer. In the sequence alignment pre- 
sented in table I, eight of the disulpWde-forminu cysteine 
residues arc aligned with cysteine residues in RSV-F While the 
likelihood of disulphide formation in the model is reasonably 
unambiguous in a few cases, as Judged by me close proximity 
of the constituent cysteine residues, mc cysieine-rich nature 
of the head region makes unambiguous assignment m that 
region somewhat more difficult. In particular, a Shift to the 
sequence alignment by just two residues of cysteines 322 snn 
393 would bring tbcm within a distance capable of forming u 
disulphidc link, at the loss of the NDV-f equivalent msulptodc 
link between residues 3B2 and 393 (362 and 370, NDV-F 
numbering). Similar shifts in sequence alignment of cysteines 
37, 416 and 430 could also change the disulphide pattern in 
RSV-F. Several alternative disulphide linkages were explored 
and their suitabiUty was assessed by examining the Profiles- 
3D score in the region of the newly formed disulphide link- 
The Pronlcs-3D score was aigniflcantly poorer for all models 
in which an NDV-F equivalent disulphidc link was removed. 
In me linal model all NDV-F equivalent disulphide links were 
therefore maintained. Residues 37, 322 and 439 all lie in close 



proximity: the disulphidc link between 37 and 322 provided 
the better Profiles-3D score. 

Disulphidc links were therefore built between ito Mowing 
pairs of cysteine residues in the RSV^F model, 37:322 3 1 3:343, 
69:212. 358:367. 382:393 and 416:422. The latter four link* 
correspond to those observed in ihc structure of NDV-F; the link 
between cysteine residues 401 and 424 (NDV-F numbering) is 
not present in RSV-F. The former two links are additional to 
those observed In NDV-Fi they connect, respectively, the loop 
between helix HI and strand la with the C terminus of! strand 
Lb and the loop between the central region of strand lb with 
the C terminus of strand Ic Two inier-chmn disulphide links 
are predicted Cor RSV-F. between cysteine pairs 37:322 and 
69:212; the former of those has no corresponding partner in 

N1 ^e F residue cornparibility score (Secure) from Profiles-3D 
for both the X-ray structure of NDV-F and die model structure 
of RSV-F proteins is presented in Figure I (only me score for 
one of the rtionomers is presented, the profile for me other 
monomers being very similar). The compatibility score Tor 
NDV-F falls below zero for residues Asp277 and Ser278, at 
the C-terminus of strand Illb. The compatibility score for mo 
RSV-F model falls below zero in five regions, four of which 
are where the secondary structure prediction by PHD differs 
for NDV-F and RSV-F (region 1, Val207-Scr2l5; region 2, 
Uu257-Met274; region 3, Tyr28c~Val296; and region 5, 
Leu381-Asp392), while the lifth occurs at Lys470-Asp479 

C "&^ral resides fall into disallowed region* of the Ramachan- 
droo plot (Cy*37, Arg235, Thr324, Asp344. Cys4l6, Scr436). 
Residue Thr324 corresponds to Thr3l0 in NDV-F, which also 
lies in the disallowed region of the Ramachandran diagram in 
the X-ray structure of NDV-F. Bom cysteine residues (37 and 
416) have been modelled in disulphidc link^ 

The proline residue involved in the wide p-bulgc, responsible 
for introducing a twist into the connection between strands lUc 
and Jb (Pro290 NDV-F. Pro304 RSV-F), is strictly conserved m 
all sequences. Apart from cysteine residues, the only other 
residues that are strictly conserved In the alignment presented 
in Table 1 are Clyl45, Ala 147, Gly41l and Asp4B6. Only 
Gly411 is observed in the structure of NDV-F; this residue is 
in a type T' (inverse common) p-rurn (ChOU and Fasman. 1977; 
Richardson and Richardson, 19&9) connecting stands lia and 
ITb found at the outside opening of the radial channel. Asp486 
is located on the surface of coUed-coil HR-a/HR-B complex 
(Zhao ei at, 2000). 

The sequence of RSV-F dirfers from all other sequences in 
thai it has a large insertion prior to the fusion peptide cleavage 
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site Thi » region contains ihnx potential N-Unkcd glycosylate 
sites (at Asnl 16. Asnl20 and Asnl26). Proteolytic removal of 
ihb region appears 10 be ricccssary for activation of the fusion 
protein tZimmer *f at.. 2001). Three other potential N-litted 
klycosylarion sites arc or Asn27. A*n70 and Asn500. Only 
Asn70 has been included in the current model, located at the 
N-iemunua et helix Hfc-C at the base of the neck region. 

The hemad repeal pattern of hydrophobe amino acids in 
the a and d positions in HR-A observed in NDV-F is shown 
in T^We m. Two stutters are found in this region Ofrown 
« qi, 19^6), There is predicted to be a disruption of tr^ M» 
in HR-A between residues 202 and 214 of RSV-F [also 
previously noted by Chambers ei a/. (Chambers */ ai, 19Ara)J- 
In the alignment with NDV-F wis region contains various 
residues in positions thai am likely to be uriiavonrable towards 
the formation of a coiled coil (Lupas ef al, specificaHy 
Lcu204 m a o position, Val207 in an c position and Ars213 
in a d position. In addition, Pro2Q5 (conserved between 
SV5-F and RSV-F) could iniroducc a kink into the helix 
(Chang et further disrupting the coiled-coil. m me 

sequence alignment presented in Table I the observed structure 
of NDV-F and the HR-A/HR-B complex from RSV-F have 24 
residues in common through HR-A (G)yl84-l-y$209). The 
HR-A helix in NDV.F contains a shorter (3-4-4-3) stutter 
than thai observed (3444-3) In the N-ienruQUs of both 
RSV-F and SV5-F HR-A helices (Table HI), The longer stutter, 
however, may be induced by the artificial nature of the 
constructs employed to the last two structure*. The difference 
in heptad repeal pattern corresponds roughly with onset of 
poor Proiues-3D compatibility scores in region I. 

A 21-residue pepiide, correspondinfi to residues ^5-275 
of RSV-F, adopts a helix-loop-heli* conformation in 30% 
trinuoroethanol (Toiron a 199*)- The secondary struaure 
matches very well the prediction from PHO for ihiS region, 
but as was noted above, this in different to that observed in 
the X-ray structure of NDV-F It is likely, therefore, for the 
structures of RSV and NDV fusion profoins to differ in 

this region, , . , , 

The Spatial location of various antigenic sites on the surface 
of RSV-F has been provided through EM images of monoclonal 
antibodies (MAbs) of known specificity in complex with full 
length F (CaWer ef ai. 2000), The angle at which each MAb 
binds F is compared with the position of the altered residue 
of the reatiani mutants In the model of RSV-F in Table iV. 
Angles in die model were calculated from the a-carbon of 
each residue to a poini -30 A from the top of the head of the 
mmcric assembly lying on the molecular symmetry axis, The 
agreement is very good, with most comparisons lying within 
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"Aaaha were ^U^Lared from iho oxompn ol' eu eh rcikfca 10 a poinl -30 k 
from ihe »p of (ho hc*t of Uic aimer* assembly lying on ino m^uio 

StoSfiwto according U» Ac BicrBWa (Arbia « al*. 1002: lAp* 
et ai., 1996}. m . . . __.„.. 

"Expcrlmwoi anglci from Cnlda tt of. (Cftkfcr ti «A, 200U). 




ITt 2. Surfaco diagram of ihc model of KSV-P: two meaoncnth*** In 
surface KjrawDWdcn uodlhc ihini on aa ^^ n ^^±?^ C 
ODtiscnic Jhea arc -.nUicarcd figure &*w4jxArt& D1NO (PhUtf-psen. 
2000) D*J Hm«i-3D (McrrtU and Ba^n. 1997). 

a few degrees. All resiaues that confer antibody resistance 
through mutation are exposed on the surface of the protcul in 
the model. Residues forming antigenic site U are found in 
helices N3 and N*. on the exterior of the neck and at the 
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mouih of the radial channel. Site I Is near the top oj the head, 
while sites TV, V and VI lie at the apex of the orimcne structure 
of the head. These sites are indicated in Figure 2. 

A segment from the Oierminal region of HR-A from the 
Sendai vim* fosion protein haa been shown to ^be at) le to 
induce membrane fusion (Pcisojovich tst ah. 2000). ims 
segment corresponds to residues 221-242 , « MY-F and 
encompassca the C-tcrmtnus of HR-A and all ot helix Nl. In 
the present model, several residues in N! arc surface exposed 
at The base of the axial channel. These residues could become 
exposed to the larger membrane after opening and disassembly 
of the head (Chen et al, 2001 ). 

Polypeptides from me Hft-B domain Of RSV demonstrate 
antiviral activity, inhibiting syncytia formation (Lambert ei <*l. t 
19961 These ure believed io function by interfering with the 
association of HR-B with HR-A. The HR-B region is uoi 
observed In the structure of NDV-F; however, the overlay of 
UK HR-A/HR*B complex from RSV-F suggests an onward 
extension of the coflcd-coU rVom HR-A with HR-B packed 
into the grooves. It is anticipated ihm too association oF HR- 
B with HR-A, which brings together the u^smcrnbranc and 
fusion peptides, occurs only in the post-fusion form of the 
protein. The polypeptide that inhibits syncytia formatwn could 
associate with the extended a-helical N-termmal region Of 
HR-A, preventing it from adopting its correct post-fusogcnlc 
association with HR-B. w™ 
Several small-molceule inhibitors of RSV have been 
developed recently that function either by inhibiting fusion or 
by interfering with formation of the mulTimeric state or early 
processing of RSV-F (Mutbaugh, e; «/., 2000; Mcanwell and 
Krystal, 2000). In a few cases, ronisUint viruses have led to an 
indication or the site of interaction. Resistance to the compound 
RD3-0028 was mapped to residue M276Y in RSV-F (Sudo 
er aL 1998V This compound presumably acts by interfering 
with the synthesis or intracellular processing of the F protein. 
Residue 276 lies in helix N4. at the interface between head and 
neck regions, BenJdmidazole derivatives have demonstrated 
potent antiviral activity (Andrics ct at. . 2000): resistant mutants 
to these compounds have single point mutation* at residues 
S39dL and D4H6N. Residue has not been included in the 
present model* while residue 398 lies N-terminftl co the 
immunoftlobuun-hto: ^-sandwich domain and is found surface 
exposed on the rim of the axial channel at the junction between 
two monomers. 

Conclusions 

The recently determined three-dimensional structure of NDV- 
F has permitted the construction of a reasonably reliable model 
of RSV-P. The model of RSV-F, however, is clearly inadequate 
in several regions. Wo have shown that the hepiad repeat 
pattern in HR-A of NDV-F and RSV-F differs. The secondary 
structure prediction in RSV-F in this region Is also not 
consistent with the structure observed in NDV-F. Similarly, 
the secondary structure prediction tor RSV-F In the region of 
the 4~hellx bundle differs from wtaji is observed in me structure 
of NDV-F, but is consistent with die structure of a small 
polypeptide taken from this region. Other regions where the 
secondary structure prediction in RSV-F differs from the 
X-ray structure of NDV-P also have poor ProRles^D structure 
compatibility scores and are likely to be poorly modelled. 
Despite these reservations, the model is consistent with the 
known three-dimensional arrangement of antigenic sites and 
provides an indication of tho location of residues involved in 



dmg-rcsistant variants and hence should provide a useful 
framework for future investigatioiii in these areas. 
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of BRSV ^WANR 'fe^El tho £reof the SA-VN 1 " mutant. Tlrcse finding, 



maturation Mil in festivity. 



virus 



7Wm regriraiaiy ^eyrie/ vims (HRSV) and BovM* nsg* 
ratoty syncytial Wms (BRSV) arc closely related members of 
die genus Pncumwlrui within the family Paramyxovindae. 
HRSV is the most Important viral agent of pediatric resjHm- 
lory tract disease worldwide, causing bronchiolitis and pneu- 
monia (7). A very similar disease Is caused by DRSV in calves 
#1 2, 20, 33)- 

The envelope of the respiratory syncytiul viruses (RSV) con- 
tains three glycoproteins: the attachment protein G, the small 
hydrophobic protein SH, and Ihe fusion protein F. Several 
studies indicate that both the G and the SH proteins are 
dlspensublo for virus replication in cell culture but may have 
some accessory function In the host (4, 18, 19, 35, 39). The F 
protein mediates fusion between the viral and colldar mem- 
brane and is therefore essential for virus replication. Since 
fusion docs not require low pH. cells infected with RSV Can 
fuse with adjacent cells resulting in multinucleated syncytia. 
Syncytium formation can also be observed with cells rruns- 
fected with the F gene, although ccexpression of F together 
with G and/or SH protein has been reported to enhance fusion 
activity (lfi t 20). Recent studies suggest ihal certain Bryeosami- 
noslycuns of the cell surface are required for HRSV infection 
(13, 14, 23, 27). The G protoin, as well as the F protein, have 
been demonstrated to bind to these carbohydrate structures 
(10, 11. 18, 23). 

The primary sequence of the F protein from different sero- 

• Corresponding uuttwr. M*Uin 8 addict; Institut VirqlegiC, 
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rypc* of HRSV and BRSV is highly conserved but shows only 
Utile homology with other paramyxovirus fusion proteins. 
However, with respect to Size, locations of hydrophobic do- 
mains, hepiad repeat and cysteine residues the RSV F pro- 
tein shares many structural features with other paramyxovirus 
fusion proteins. A property that is even more common and also 
found with other virus families is Ihe synthesis or the fusion 
protein as an inactive precursor F 0 that has to be proteolytic 
cally cleaved to become fusion active (21. 22). This posttrans- 
lational modification result* in the exposition of a hydrophobic 
fusion peptide at the N terminus of the membrane-anchored 
fragment. The fusion peptide is supposed to play a crucial role 
in the fusion process. The majority of viral fusion proteins, 
including the RSV f proteins, contain a multJbasic cleavage 
motif of the consensus sequence RX(K/R)R immediately up- 
stream of the fusion peptide. This sequence is recognized by 
the ubiquitous sublilisin-like endoprotease furin of the trans- 
Golgi network (21, 22). A few viruses are not activated by 
furin. Their fusion proteins usually contain a monobasic cleav- 
age site thai is cleaved by oypan-lilcc proteases. The type of 
the cleavage motif has been afaawn to bo an important deter- 
minant tor virus pathogenicity (21). A unique fcuture of the 
RSV F protein* is the cleavage of F„ at two conserved furin 
consensus sequences, RAR/KR 4 ud (FCS-2) and KKRKRR 
(FCS-l), resulting in the generation of three proteolytic frag- 
ments, ihe large membrane-anchored summit F ; with the hy- 
drophobic fusion peptide at its N terminus, the small subunit 
which ia linked K> F, via a disulfide bridge, and a small 
peptide composed of 27 amino acids (pep27) originally located 
between the two cleavage sites (12, 41). All three products 
have been shown to contain N-linked oligosaccharide side 
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chains (40, 41). Analysis of trie two cleavage sicro by *itc- 
dirccted mutagenesis revealed Uuu efficient synqyuum j fonw- 
tian i n wmsfcclsU cells requires cleavage at both sites (12> W 
Moreover, complete cleavage at both sites was showu to be 
nasodatcd with a conformational change in the molecule 
'n the picaent study, wt made use of reverse genetics to ana- 
lyze the role Of the second furin motif and the intervening 
peptide in proteolytic activation of BRSV. 

Materials aw methods 

Colli. MR-T7/S «lh were *ru*m 1. t*gle mirMimJ owcotial .**«um wUh 
Carle «fe <£Mr=M) aupplcmcroed with 5% fetal odf ^'^^ w ^ 
«Wk nnd 0.5 ™u of G41ft miriitB ^Ci^o^cm^ovahiodiwnVrnl. Voro cell* 
wee maintained U> Didbecco modified Eftglc medium with 3* fclul 
Proiimnl tubule cells uf calf kidney (PT-ll *IU) wqic andj piPviUrtl by R. 
ttlebe i BunafltttiiniUl rur Ylruscrtraittoingcn dcr Tlore. lrwcl rtwna. Gcnnuny). 
Thc cell, ware grown 1* KMRM containing 10* fetal calf sonarl- 

Pta.mld common. The BRSV (drain ATWftlWU ^^^^£7^ 
«w deieribed piously (J). The unique region «WIW AiE ™? 
chic r»a«mid ueilM k *7D0*p fraomcni containing the M2 and almbfl the whole 
P torte lacking ordy the fen J3U nuclemMnj, of ft* open reading fnnsc. TWi 
tra^ncm was cloned into a modified P CR3.1 veoex (InvicxaM ^n«rva , 
new dngls AtfEIJ resiricUftn aitc. The pmglc EppRJ <nrarlc™n or f^"^^? 
r*mc**j try the cloning step. The rertiht* P^«^~^^ B J^ 
MZ»t*sscttc, The BRSV Ami* protein tnutanis TiF:RluaN/)ClUoN ami bF. 
K1OSN/R109N aascmbicd in (he pTMl c*prc«iuO vector have neen previously 
dttcrtbed 1411 A AiRI/Eta Rl^njincniof *0 bp containing ihe murines w» 
USt d to ropJuce the airreieondlna re&Jun li ihc fJR5Y-rVM3 wwume, The 
mutant bf-.RJOAS/KlOSN/ftJiWK wv generated In Hie «rne vector by «ng i» 
overlapping TOi technique. Two PCR products were amplified from Ihe bF: 
K1fl«VXluW templatu by edng PJb DNA poiynwmwi (fronvega). Nudcpiiow 
1 to 33t of the F open reading fnwte »ere arapJtflcd by using to™** P™** 
bf-S(.-17) ( 5' - AATCCAT^GCCACAACAA CCaTG ^^^^^^ CTC A 
radon umlerilned) and a rocne nwVtgcnesli pnrnm (5 -COTHTTITOCTCA 
ACTTOAAGOAOO)- NueteoiWew 3M to 744 of the F gene w«f- »onf Ufied by 
u^infi a fanwl mproaenoi. primer (5 -CCCTCCTTCAC^CA^ 
COOG) nnd reverse prinw bF^734-744> (S'-aCTX^QaGOTCTCCTAA 
TACC> The sv« PCR produeo w«re ?op»r*rfld by efirt«»B jel electrupno/COT 
And pwritled by gel enr anion. Equbnoltf tmoanU of Uv nuTlfied frtSflsenw w«t 
c^n«1, hent-4 tor 2 min m 95-C lor rienaturmion. and nnnonlod n c»hof 
ai O^C Tar 30 * OlieortucleOlklB-ptimed DNA lynlhesn wilb Pfl DNA puly- 
meritto raulwd in o wmplctely douhlc-iUTmdeil DNA Inignocm that *yu* itn- 
olifled by PCR after addition of ibo hF-S{|.27) an4 hf-AS(724.744> prtracnu 
Tho piMucr ww digaied vmb Pa^U and /TeoRI «nd used Id ropWce Uto 
cDrroipondioa frugmenj n rbe BRSV^Ml ewto. The whole rqfti* k (hirt ww 
ropUeed ww ■ruueoced to cerUlrm the nudemWe ewhangrf, The F rmi ™ 
miction Tpuiurn UF^10> 130 U*lng nocycotito lo MwrtW wj In • 

kimilM- way hy wing &t oiigunue1e*nidi» 5 ' GAyKCCGGOCTCCTTCAO lAA 
C AA 0 AOaAAAAGGA G ATTTTTAG G ATTC u id 5'-TCTOCTTTITCTCT 
TCTTACTO aaOCaC G CCG fTTTC ATTTTOCaTaA C w rbrwwd wut re- 
verie mumfiencsu primer*, reapflctlvely. Rnol^ each of die AiJUlAVftrii 
frajnienu of the pnwml -nd muiuM BRSV-F/M2 cwsclwi ww uicd lo 
rente* the correipwdinx regkin in Uw BftSV .uitigertomlc ptowmd. 

Rttowry of reeambrnsBC MSV. RecumblBiml RRSV6 Vferc rciew<aU from ibe 
vipemaCMii of RSR.T7/5 etl)> Trv»Auaed wan ific imdjenomiir plaimid, lo- 
grthcr with four pUwmidS dircrtioft Uis e^prc^cn of Ac virrf^pilyaverwc com- 
plc« (3), The vimics were proposed on pT-ll cell*. Ai 5 ro o dayi «lier 
(nfcaiok when the cytuphnilu cflevi became olr-tow, the iupemmwua were 
token, edjuned lo SO mM HEPW {pH 7 CU MflSO- and 10% fcnl «U 
lerum: ind whjeaod to low-aptcd oenulfvgailon to remove «n debrfa. The 
Mipcmauuiu were dhdueU tnio otiquols, ffnah-frowm in »quM nitrbgnt «no 
Hored oi -JftTC. iJ>wp*sofie sinew (omirouni ot tout poaMflw) ^n. uaed 
Ou g «8hour all crpcnoicnu. The idenliry of die recombinant viruiei wm venlled 
by rc^ctjc i^wripilon-PCR (RT-PCSA; *cc bofaw) tod DNA mincing or iho 

VCR pruduCtt. , 

UNWfh Uneuci nnd rfni* rttmil^o- Muh«r B p replied of the wwrnbrnnm 
0R5V> was vwbro* by using PT«U and Vcro celb. Confloent «n monolayw* 
scukd the day bufurc In «*-wo« pluicii were Irwculrted nr 37"C fur 3 h with caeh 
vims el ■ muiilplicity of infcedon fn*OI> «f D.I. Four ■««• were infected uj 
pn^flel wicn each vim*. Aficr odwrptkuv il» inneulwn was reiwsd and ihc 



ANALYSIS OF BRSV F CLEAVAGE MUTANTS «19 

*<re wwdied three dmc5 before Ibe »dduin of 2 J ml 

medium twhhool Mel cnU Two weO. or e«h 

conulntng p 8 or acetyUiad tryr-in (Slgmn)^. ai the ^^m^ 
euou of 250 u4 were u,ken and replied by the wnw «J«aa ^ m^m. 

£ «ilf khuo: Jwh-froien In U»dd nnrogwu and stored « -B0-C until 

Mil were Ulrn»4 in dirpacate on Vcn> cells grown in *-we» I d»ei ; in 
^cooftu^TheceiUwerorr^l.trt 

3 b et ITC and ovTrtnid wUh medlirm conuininu 2% fetid calf «en»m nnd 
reothylccHulasr fSig^V After inoubriuun for 3 <W the mod.o« . J» removed 
.Ad ihe celb were wwh»d twice ^ih pftosphjite-buirorcd *ubne (PBS) *nd Ihcn 
ftted with 3* pwoform^chyde for 2D min ^i^^ture Eice« pa*»- 
rfVTn^dcbydc wu micnched m\h 0.1 M gtydnc to PRS for 5 mm. Ibe o*tb *ere 
pcTmcabuizeU wiih 02% Triton X-iOO in PBS lor 5 min at room lemperawr^ 
and men incuhated for m rdn u mom temperature wltn a rmmoolonaj ant;h™V 
directed lo the RSV mmrui protein (rnor,aclom4 anUbody IBC6DI: dilute J MO 
in PBS). The cells worn *«hed ttuw ilmw wilb PBS ind tneabawd for i h « . 
room temperoture «*d> a hcuierwlish e*r<«dwe-linXcd gout nWlsenan diroCied 
to mou» Unnunoglubdlln <l»3fl0 ii. PBS). After M «n» «WPJ«. «he celb were 
incubsnrd tor 10 min with ACC pcrcetldooe "borate (L? rr^ 3-uiwnn^ e trry|. 
carhozole ind O-l * Kad Ip 50 mM wdium acetate buSbr [pH S.UQ. Irnmuno- 
Sltdnod celb were counted under an loven* Ufihr im'croicopc. 

rT,PC1L Total RNA was prep«ed from v*ro caqa Z dsye «ficr Infection 
fRNcmy IQwnl) «uid reverse Transcribed by ttttng fi«pwul reveiv t*«i*Tip- 
U (Rochn DlapioilicB) and random hcaameni Tor prtmine. Nudcmldci . lip 
£ of the P s^ne were ampIlM from Ihe cDNA by PCR wrth ollgoodr^uto 
bF^Sfl^T) end W^Sn24-744) and acwrdinR to the fuJluwina protucuL imttul 
deituuratinn at M'Cforl-S min, followed by 35 twrtlep cyde8(e»ch compwetl 
of denolur«ian at WC for 10 « and anr^injhctanfi>»Ut* at tifTC for 30 s), wtlli 
a fmal etoegmion Hep oi TTQ foe 7 min. Th* PCR f-oducti *ere .apnrated on 
n 1% agarose gel. Gained >vlsh ethidtdtn bromide, and ondyzed on a UV irons- 
tuntlnator. 

KudhTiwmunoprMipliiirlon. Canlluunt monody en uf PT-lt cells grown cm 
as-eim dishes (ciu 10* ccih por d»sh) verc iojeidaied with 2K1 uJ uf iterwn-free 
EMfiM conoininj rBRSV at an MOt uC 0.1. After 2 h of adw>rpUori. the 
tooculwm *as replaeed by 2.5 ml of EM£M conrnialng 3ft bud calf ^rum.At 
40 h posdqfection, the cells were washed twite wtffi PBS, starved for I P In 
nwU^lne^yaein^dcfieient EMEM t nnd iheu irwuhttted for I h vub 25u pi of 
the seme medium supplemented with 50 pO of f^lmcth^nr-|^S cyMamc 
fTiafi^S-labBl [ICN|). fmraunrtt>redpitatiun nf the F protein from cell lr«nes 
ws. performed ei rtccnih' Oescrfccd (41). . 

Wm tcre blot. Clinirueni monclay«n« of FT- 1 1 celb. grown In 25-em- Rwta were 
inoculated ht dupiiwte with The Indicated recwnbtiiant BRSV* | MOl of 0.1 ) fnr 
I h *i 3TC After removal of lb* inoculum, the eelU were mnmtained In medmni 
i«tn 10% feml calf scrum for 24 h ox 3TC wwhed three tone, wlflt Pfc«, wd 
rhen mnlnrsinHl lo medium wirboni fetal adf Bfirum for n furthet 9o h, Tfio 
dupbale celb rtecrved rnc^fiura wpplcmoniad wl* us of oojiyhucd byp^io/ 
ml At 5 doys poiwrbcOod, the cell euhuf* ffupcrnawnh *trt hnrvesred ood 
iubjeeted to low-speed eontriuigniion 12,000 x * 15 min, 4>C) w remove de- 
tached ecus. An aliquot of each aupcrnaiunt *w m*cn end runtod by plaejuo 
a» wscHbod above. Vii wet in the remaining eupenweant («. 45 ml) were 
reneccd tarough a 25% «ucrose cwhion by ulirecenlrffugarjon {MfifiM a ^ 
nun, 4-0 and di^olvcd in aodium d^ocyi nwalo (oDS) sample baflcr. The 
TOlumr wto adiuital eorrc«pondin B to (he eulcubUNl virus litem. AlfquOta HO ^) 
or the vmuca *cre run on an SPS-10% poh^oylairudc gel unOur ncmrcituemg 
action, amj transferred to nitrocellulose by the letrrtdry Woliing technique 
(24) Tte membrane ww Incutaied overoigbt at rC wilh PBS containing U«- 
bovine scrum albumin. wwh*d three rlmw with PBS container, 0.1* TVeon 30 
and incubated for 1 b at room tempemliwe with a Rtbuure of ihree different 
monodopa) endbndle* directed to the RSV F pmtuiA (each diluted 1:1JII» to 
.€ !»Mlae ^re RSV 52 1 6 (ScrOU** aud clone. 7.901 andJTF 
todly provide by Jose Anlonio Melero tMailrld. Spuin) and Clan Orveil 
(Siueshelm, Sweden), napcciiveh;. Th* Wets were washed a» dcicrlhed above, 
and prlmvy nutibody wai dotceied by Incubation wiih a blodtryteicd gout ami- 
mowe Immunouto^n «rum (It iflBO in PBS; Ajnenharo-Wuumacia). Mtowod 
by thfec w»h Oep» and Incubation with a «rropUviili«i-pcrexid«e comptot ( r. 
j mo in PBS. Amersham-Pherrttaco). Roth incubmlnm. ™* pcrtormed fnr ml 
mm »l 4"C f iruuly. the niiroeellulcac was wa*h«J described abuvc and n<n. 
bated for I min wim a cbe^llunurieaeoni perojodwa subsume (PM chenwluiru. 
newceee Dlotung >ubsimie, Roche Diafnostics). The resulting light enu won w» 
viaualizod by .hurt exposure of the membra to en 8iom» uororud«firapiiy 
dim. 
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RG. 1. Ammo acid chimgi* inlnriuced mlji the F protein of re* 
combinant BRSV*. a scrim of *■ BRSV fiMlon protein ccmpntfr* 
amino adds 102 W 139 I* Ahown. TllC furin Museums sequent* we 
»nd the positions Of U* amino ^located M terminally 
rfta furin cJcnvagTsitc «c IwUoiwA Menace! «»o jcrfe u£ 
represented by dots, and d**« bidleaw deleted amino ™ 
thrombolytic cleavage, product* F„ F„ end pc P 2? arc indicated by 
bars. 



RESULTS 

The RSV fusion protein contains two conserved rorin con- 
sensus sequences: FCS-1 is located immediately upstream of 
the fusion peptide, whereas FCS-2 is separated from the fiisioa 
peptide by a stretch of 27 amino acids, designated P^ 2 ^*; 
1). Previously, we reported that changing FCS- 2 of ^ HRSV 
(RAKR IU9 ) or the BRSy (RAKR 14 *) fusion protein to cither 
NANR JW ur NANR 10 * abolished cleavage by funn, whereas 
cleavage at FCS-1 was not affected (41), Iri the modified FCS-2 
motifs, single argininc residues either al position 106 or posi- 
tion 109 were preserved making these sites a acceptable to 
trypsln-like proteases. To evaluate the role of FCS-2 in the 
proteolytic activation of RSV. we generated two recombinant 
BRSV mutants, rBRSV-F(R106N/KlOSN) and rBRSV- 
F(K108*VRl09N), differing from the parental ™*J d CTC 
same amino acid exchanges described above (Fig. 1). The mil- 
iums were rescued after transfecUon of BSR-T7/5 coils with 
the modified antigenoinic plasmic together with four plastruds 
cHrecting the expression nr the polymerase comple* (3). Since 
we Hrat hypothesized that cleavage at FCS-2 might be required 
to activate fusion aclrviiy of the virus jnuitnu, we added tryp- 
sin to the ccU culture supernatant However, the recovery of 
the mutants was also successful in the absence of exogenous 
trypsin. To exclude the possibility that endogenous trypsin-like 
proteases could cleave al the preserved arginlne residues, we 
generated anoiher recombinant BRSV. r8RSV-F(R106S/ 
K10SN/R109N), in which FCS-2 was replaced by the amloo 
aeid sequence SANN ,CW (Fig, 1). Like the other two mutant, 
Uus virus was efficiently recovered from transfected B5R-T7D 
cells. In uddition to mutants conrainlng amino acid e*ctamge$, 
wc constructed and rescued a recombinant virus, rBRSV. 
F(AUI6-130), with a deletion of 25 amino acids in the F pro- 
tein. The deletion compiised FCS-2 and most of pep27. retain- 
ing only FCS-1 and Ihc two basic amino acids at positions 131 
and 132 (Fig. 1). Virus stocks were prepared by two passages 
on PT-U (bovine calf kidney) cells. To verify the identity of the 
recombinant virus mutants, iota! RNA was extracted from 
infected cells and the region between nucUwiides 5570 and 
o3l3of the RNA genome was amplified by RT-PCR- Although 
ifte PCR product derived from the parental virus genome was 
c». 750 bp long, the deletion muiant was characterized by a 
PCR product of 670 bp. thus confirming the deletion within the 

F gene (data noi shown). All changes introduced into the F 




FIG. 1 Proteolytic processing parental anil innUntF prawns of 
recombinant BRSV*. (A) PT-U Pells were infee 
BRSvi ai an MOT of 0.1. At 40 h After infection, the cells wrre 
[^]mcthk>runc-[»SlcystciDefbt lb. and F 
^^^^unopredpicuud from the cell lysnie j. The Immun^ 
pSaM -ere aerated by Tricine-SDS-10% polyacrytamWc gel 

raphy Owe k rBRSV-F(par*mAl); lone t>. rBTIS V-F^ 1 06N/K I nflN* 
SSJft r^V^!UDi£r5RI09N); lane d. iB^F(RiaflS/K106K/ 
R109N) e. rBRSV-FCAluilSUH Umc l™^™ c *J?*h 
fm PT- I cells ^re infeewd with recombinant BRSVs si an MOI of 
0.1 and mamiaiaed in medium either in the abence or presence uf 
Sjpst (a« indicated «i mc cop pf the gel). After 4 day* ^viruses 
were hMvesied Ertim me cell culture supernatant and Ifcen neUMOd by 
S^rien, The viruses were wlubilixtd by SD^umple *utf« 
Md run un7n SDS-8% c^ly^lanude gd Wider non^cing 
Tmnt Wants, a and b. rBRSV-FCparcntoJ); Urncs C And d, r8RSV- 
^iffilOmr lanes * and ^BRSV-F(Kl08N^inVN); to« g 
„id h. iBRSV-FtRlOSS^lOKN/RlOSN); lenes . and rBR^- 
F(AlUb-l30)l F prowln was detected by conventual Wwtcrt WQi 
S:b^^ue with a mbuure of thrae monoclonal anilbodies direeWd to 
this protein. The relative positions of rtandard proceins (wbh the 
molecular masses m dirtied in kllodaltons) aie shown on the left. 



gene were also verified by sequencing of the RT-PCR prod- 
ucts. 

We have previously shown that FCS-2 cleavage mutants arc 
charactered by a large sue F, subunit designated F 3 -r (41). 
The difference in molecular weight between F z and F a £ is duo 
to the glycosylated pep27 that remains attached to F a . This 
phenotypical marker allowed us to distinguish between paren- 
tal and mutant rBRSVs. The F proteins were immunoprocipi- 
tated from metabolieally labeled FT-ll cells 2 days after in- 
fcetion and analyzed by Tricine4iDS-f»AGE under reducing 
conditions (Fig. 2A). The parental F protein {boe a) appeared 
as fhrea distinct bands: the precursor F 0 (7^ kDa), the large 
subunit F» (50 kDa), and u> small subunit F 2 (17 kDa). In- 
stead of F* all three FCS-2 mutants showed the characteristic 
band of 26 kDa (lanes b to d). indicating mat the modified 
motifs were resistant to furin cleavage. ImmunopTecipItation 
of the F deletion mutant revealed a dif erent pattern. Due to 
the absence of the glycosylated pcp27, F(Alu6-lJ0) differed 
from the parental F protein in the smaller ai*e of its precursor 
F 0 (lane e). 

Since the fCS-2 mutants might be activated by cellular pro- 
teases secreted Into the medium, wc ulso analyzed the F pro- 
teins incorporated into mature virus partides. At 4 days postin- 
fection, the virions were pelleted from the danficd 
supernataois through a 25% sucrose cushion, separated by 
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SDS-polyacrylaraide gel electrophoresis under Donrcduring 
conditions, and analyse! by the Western Wot technique (Fig. 
2B) The F protein of the parental rBRSV appeared as * 
72-kDa dtsulfldclinked complex (F lt J compoicd of F, and 
{lane a). Addition of trypsin to die cell culture supernatant did 
not change this pattern (lane b). The presence of F 2 + in the 
FCS-2 cleavage mutants caused a molecular weight shift of f ne 
disulflde-linked complex to ca, 82 kDa (F u +) (lanes c e, and 
g). A 72-kDa band that would Indicate cleavage by endogenous 
proteases was not detected with any of the mutants. However, 
the addition of trypsin to the cell culture medium led to a 
partial cleavage of r BRSV-F(Rl06TVKW8N) (lane d) and 
rBRSV-F(iaQ8N/ftlWN) (lane 0 a! *° oC rBRSV " 
F(R106$/K108N/R1Q9N) (lane h). However, cleavage of the 
latter mutant did not result in the F,, a complex of 71 kDa, 
indicating that cleavage has occurred at another basic ammo 
acid within pcp27. The deletion mutant showed the same, pat- 
rem as the parental virus (compare lanes a and b with l»u" i 
und j). After proteolytic release of pcp27 from the parental r 
protein, there is no major difference between the two r pro- 
tains that could he detected by the Western blot. 

The growth characteristics of the parental and mutant 
rDRSVs were analyzed by using the bovine Jfidney PT-UccH 
line, as well as African green monkey kidney ( Vero) cdls. The 
cells were Infected in duplicate With the viruses at an MOt of 
0.1, und Buperaatams were collected over a Way period at 
2<Mi intervals. The virus titers were qunniitated in duplicate by 
a plaque assay facilitated by immunological staining of the 
matrix protein- In me absence of trypsin (Fig. 3 A), the FCS-2 
cleavage mutants showed a somewhat reduced virus release in 
me beginning, but at day 6 p«*infcction they reached the tiu*s 
Of the parental virus. In the case of the mutants rBRSV- 
F(R106N/K108N) and rBRSV-F(K108N/R109N), this growth 
retardation was compensated for by the addition of acetyhued 
trypsin (OS u.g/ml) to the cell culture supernatant (Fifi. In 
controsu trypsin did not afreet replication of either the parental 
Vims or the mutant rBRSV-F(Rl06S/KlO8N^109N) (Fig. 
3C). The deletion mutam rBRSV.F(Alue-l30) replicated in 
PT-ll colls with a kinetic* comparable to that of the parental 
virus. Likewise, the presence of trypsin had no effect on rep- 



lication of this virus. Very similar growth kinetics were ob- 
served with Vero cells, although BRSV generally S^'"^" 
titers in this cell line (not shown). On the other hand* BRSV 
caused a much more pronounced cytophatic effect in Vero 
cells than in rT-tl cells. At day 3 postinfection, we observed 
giant multinucleated cells in the Vero cell monolayer utfcctco 
with the parental rBRSV (Fig. 4). Syncytium formation was 
also induced by the FCS-2 cleavage mutants^ however, the 
syncytia were of smaller size and con mined much fewer nuclei, 
indicating (hue the mutations introduced into the FCS-2^cav- 
acB site affect cell-to-cell fusion. The syncytia formed by the 
mutants rBRSV-F(Rl06N/Kin8N) and rBRSV-F(K10SN/ 
R109N) grew to almost the parental virus level during the 
following 24 h. In smiting contrast, the size of syncytia formed 
by the mutant rBRSV-F(Rin6S^aOSN/Rl09N) did not 
change with rime (data not shown). The deletion mutant 
Showed a phenotype similar to that of the triple mutant, e.g.. 
formation of very small syncytia that did not increase in size 
ufter longer incubation. Taken together, these result* indicate 
thai both FCS-2 and the intervening peptide pcp27 are dis- 
pensable for virus replication in cell culture, 

DISCUSSION 

The fusion protein of RSV resembles many other viral fu- 
sion proteins in the location of a furla recognition site imme- 
diately upstream of the fusion peptide. Cleavage at this sue by 
furin or a related cellular protease results in the location of the 
fusion peptide at the N terminus of the membrane-anchored 
subunit and is associated wlm a conformational change us 
shown for Influenza virus hcmaHfil utimn ^d the fusion pro- 
teins of simian virus 5 and RSV (6, 9, 12). Many viral fusion 
proteins require this posttrunslaiional modification in OTder to 
become fusion active (21, 22). For example, blocking this step 
cy specific furin inhibitors has been shown to reduce the in- 
fecfiviry of human rnimumxtenciency virus type 1 (15). In ad- 
dition, recomhinant measles was demonstrated to require on 
exogenous trypsin for activation of infeeliviiy if the furin molir 
of the viral fusion protein was changed into a trypsiu-likc motif 
(26). However, reverse genetics showed that the conserved 
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PIG. X Muluslcp replication of recombinant BRSV muioms in 
PT-1 1 cells. Duplicate ccU monoHvers in sia-wrf) 4^ v^re infected 
"ft *■ indlSed viro^a at an MO! of 0,1 and incubotodi. wW> 
medium cither in the abftciioe (open symbols) or present l«M sym- 
bol*) »f 0.5 *8 of ncetylawd trypsin/ml. AliOuutt *^ 
uTdiraicd UrtS, wared M -OTC. imd titrated in parallel by plaque 
V-SiteBrii point shown is the mm £f from two wc* 
of xnteitA cells. For Tc.tt.nJ of prestation, the njrurt jhat i been 
dhridod mto 05. 




fBi etteel cm trypsin on rcpum-iuit «» ' :~ I „ . 
K (NAN«) ^d rBt&V.F(KI0BN/ai09N) (RAW*! Q eft* 
of irypfin on replication of pareauil virus (P'"?^^^ 1 
130)(oJQd-t30), and rBRSV-F<Rl06S/KlOBN/lUO9N) (SANN). 
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furin motifs found in the Ebola virus glycoprotein and in the 
human cnornegalovirus glycoprotein B are dispensable for vi- 
T^-tn in cell culture (28, 34). A major durance between 
these and the former viruses is the location of the form cleav- 
age site distantly trom the postulated hydrophobic fusion do- 

W A^iquc feature of RSV is the addition*] cleavage of the F 
protein at a second furin consensus sequence, "P* 
rated from the fusion peptide by 27 amino acids Previous 
studies by using n ptasrnid-driven or vaccinia virwrbMcd ex- 
pression system revealed thai F-mcdiated ^c^iiurrHorrnalion 
was significantly affected when either FCS-1 or FCS-2 were 
chansed into a turin-reslstant motif by site-directed mutagen^ 
wis/mtfeatmg that cleavage at both sites might be important 
for activation of the RSV fusion protein (12, 41 j. In the present 
study, we learned from reverse genetics that cleavage at FCS-2 
is not essential for virus infecrivity though the FCS-2 dcavagc 
mutants did not grow as efficiently as the parental virus during 
the first replication cycles. If a single urginlne was left with the 
modified motif <NANR«* or RANN"*), the Ration of nryp- 
sin to the cell culture supernatant compensated for this growth 
retardation, whereas it had no supporting effect on rBRSV- 
F(R10uS/K108N/Rl09N) that did not contain any argimne or 
lysine residues in the modified FCS-2. Accordingly, trypsin 
ucatment caused a partial cleavage of the mutants rBRSV- 
F(R106N^108N) and rBRSV-F(Kl0aK/R109N), whereas 
there was no evidence for cleavage by en ^^ c ^™J) 
proteases. However, the mutant F protein of rBRSV-F(R106S/ 
KI0SN/RJ09N) was also cleaved by trypsin but probably at a 
different site. Potential cleavage sites withm pep27 are Arg 
and Lys-Lys 12 *. The amino acid changes made with the FCS-2 
also led to a reduced syncytium formation by the recombinant 
BRSV mutant*. These findings suggest that the rusior^rvtty 
of the FCS-2 mutants is not abolished but impaired. Probably, 
the glycosylated pcp27 that remains attached to the F 2 subunit 
of the FCS-2 cleavage mutants interferes with conformational 
rearrangements necessary for optimal fusion activity (12). In 
accordance with this view, the deletion mutant lacking pep27 
did not show any growth retardation and addition of trypsin 
had no supporting effect on this virus. Nevertheless, the dele- 
tion mutant also showed a drastically reduced syncytium for- 
mation acUvity in Veto cell*. It should be noted that the ma- 
ture parental F protein differs from the deletion mutant with 
respect io the C terminus of it* F, subunit. Although the 
former ends with the sequence RAKR 100 , the latter has two 
additional amino adds and terminates with the sequence 
KKRKRR 111 This C terminus tftd not impair the mfectrviiy 
(virus-to-coll fusion) of rBRSV-F(A106-l30) as indicated by 
tho growth kinetics. However, it might interfere with cell-to* 
cell fusion, suggesting that the structural requirements tor 
these two processes differ from each other. Differences be- 
tween virus-to-cell fusion and syncytium formation have abo 
been reported tor the fusion protein of other enveloped viruses 
(6\ 32 37). 

The' second furin consensus sequence ^ in the 

RSV fusion protein Is highly conserved in all HRSV and »Kb v 
strains isolated so far, suggesting that this cleavage site has a 
role in the viral life cyde. Our results indicate that cleavage at 
FCS-2 is not critical for virus replication in cell culture. How- 
ever, it might be advantageous for RSV replication in viva 
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One possible function of pe P Z7 and the dual cleavage might be 
«Iatcd to the host immune response. The RSV fusion protcm 
has recently been shown to inhibit proUfcraiion of T cdls by 
cell-nvccll contact (31). In analog to measles virus (3B), pm- 
teorytic activation of RSV F might be necessary for this func- 
tion. It will be interesting to determine, by using the mutants 
described here, bow the proteolytic proving of 
protein may inflnenco iv inhibitory activity. Another popsiblo 
Leuon might be related to pe P 27 irsc£th* mtervemnH Pj£ 
tide Pleased upon furin cleavage at FCS^2 and FCS-I. Ukc 
FCS-2, this peptide is ^ c ^!°^ n ^"^ 
culture. However, the motif FYGLM in pcp27 of BRSV 
u possible role in the host. FYGLM mutches the 
staawrc sequence FXGLM characteristic for the tachykinin 
forty of b^ctivc peptides (36). Substance P and ^ mem- 
bers of this family exhibit multiple a«iviucs> mcluiHnfi the 
Induction of bronehoconstriciion, mucus secretion, histamine 
release, vasodilation, and others (5, 17. 25.30). ft remains tobc 
experimentally shown whether pe P 27 of BRSV or n rurxher 
processed form of it exhibits a similar iscbykinin-like acuvlry. 
^though the P ep27 peptides of all known BRSV i*olai« . ore 
highly homologous to one another, they show only little sum- 
tar^witb the pe P 27 of HRSV. In particular, the larte, 'lacks 
me tachykinin motif, indicating that the pep27 peptides of 
BRSV and HRSV might exhibk differenl activities. VVhatcver 
Hie function Of the two different peptides exactly is, we should 
lake into account that both peptides might contribute to Uus 
oathoaenicity of RSV. This idea is especially important for the 
Kpmcnl of Jive attenuated RSV vaccines or olhcrv^us 
vectors expressing the RSV F protein, as well «s for DNA 
vaccines which arc based on the F gene. In this regard, the 
deletion mutant rBRSV-PfMOo-ttt) is of particular imcreat 
since it is expected io lack the proposed activity of pep27. 
Another feature of this mutant that makes it an interesting 



vaccine candidate is the reduced cytopathlc effect in inftoied 
cells, finally. ihH virus will help us to study the role of pep27 
in infection of the host. 
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